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Abstract 
 
Shipworms are marine bivalve molluscs, known for their wood boring abilities. They use 
modified shells to bore into and grind wood, which is then digested. The shipworm’s ability 
to feed on lignocellulose is dependent on the presence of endosymbiotic bacteria that live 
in the animal’s gills inside specialized eukaryotic cells called bacteriocytes. These bacteria 
provide the animal with hydrolytic enzymes for wood digestion, which are translocated 
from the gills to the caecum, the main site of wood digestion. Unlike other lignocellulose 
degrading organisms, which harbour symbiotic microbes in their digestive tract, the 
shipworm caecum hosts only few bacteria but contains a large amount of carbohydrate 
active enzymes (CAZymes) of both endogenous and bacterial origin. 
 
This study investigates the anatomical, physiological and molecular basis of wood digestion 
in the shipworm Lyrodus pedicellatus. A combination of meta-transcriptomics, meta-
proteomics and microscopic studies of the shipworm digestive organs was used, coupled 
with recombinant production and characterisation of some of the most expressed 
lignocellulolytic enzymes.  
 
This multidisciplinary analysis revealed how two structures, the food groove (a mucus 
stream utilised by filter feeding molluscs to transport food particles from the gills to the 
digestive system) and the crystalline style (a rotating structure hosted in the stomach 
involved in extra-cellular digestion) have been co-opted in shipworms to translocate 
bacteria and their enzymes from the gills to the caecum, to facilitate wood digestion. The 
transcriptomic and proteomic results indicate that bacterial lignocellulolytic enzymes are 
expressed in the gills, while the endogenous enzymes are mainly produced by the digestive 
glands, with complementary CAZy classes being expressed by the bacteria and the 
shipworms, indicating a subdivision of roles. Five bacterial CAZymes were recombinantly 
expressed and characterised, showing activity on cellulose, galacto-glucomannan and 
xylan. This study provides new insights into the mechanisms of wood digestion in 
shipworms, which may have biotechnological relevance. 
 
 
 
3 
 
List of contents 
 
Abstract           2 
List of contents          3 
List of tables           9 
List of figures                        10 
Acknowledgments                    14 
Declaration                                 17 
Chapter 1: General introduction                   18 
1.1 Biofuels and the plant cell wall                 18 
1.1.1 The need for biofuels                     18 
1.1.2 First- and second-generation biofuels                19  
1.1.3 Lignocellulosic biomass                   20 
1.1.4 Cell wall composition                  21 
1.1.4.1 Cellulose                   21 
1.1.4.2 Hemicellulose                  22 
1.1.4.3 Pectins                   23 
1.1.4.4 Lignin                   24 
1.1.4.5 Structural proteins                  25 
1.1.5 Lignocellulolytic enzymes                 25 
1.2 Degradation of lignocellulose in nature                26 
1.2.1 Prokaryotes and Archaea                 27 
1.2.2 Fungi                    28 
1.2.3 Protista                    29 
1.2.4 Terrestrial invertebrates                 30 
1.2.5 Marine invertebrates                  32 
1.2.6 Vertebrates                    33 
1.3 The wood boring bivalves                  34 
1.3.1 Distribution, ecological role and economic impact of the Teredinidae          34 
1.3.2 Xylotrophy versus filter feeding                36 
1.3.3 The symbiosis between shipworms and bacteria              39 
1.3.4 The transport of the bacterial enzymes               42 
1.3.5 The shipworm Lyrodus pedicellatus                43 
4 
 
1.3.5.1 Classification and distribution                43 
1.3.5.2 General overview and ecology                49 
1.3.5.3 Reproduction                  47 
1.3.5.4 Digestive system anatomy                 48 
1.4 Aims of the project                   55 
Chapter 2: Materials and methods                  57 
2.1 Animal cultures                   57 
2.1.1 Specimens acquisition and culturing                57 
2.1.2 Wood preparation and compositional analysis              58 
2.1.2.1 Hemicellulose content                 58 
2.1.2.2 Crystalline cellulose content                59 
2.1.2.3 Lignin content                  59 
2.1.2.4 Silica content                  60 
2.1.2.5 Ash content                   60 
2.1.2.6 High-Performance Anion-Exchange Chromatography (HPAEC)            60 
2.1.3 Specimen extraction and dissection                61 
2.1.4 Morphological and molecular species identification              61 
2.2 Microscopy                    62 
2.2.1 In vivo staining with x-cellobiose                62 
2.2.2 Light microscopy                  62 
2.2.3 Transmission electron microscopy                62 
2.2.4 Immunogold labelling                  63 
2.2.4.1 Fixing, embedding and sectioning                63 
2.2.4.2 Antibodies production and purification               64 
2.2.5 Scanning electron microscopy                 65 
2.3 Transcriptomic analysis                  66 
2.3.1 RNA extraction, clean up, depletion and quantification             66 
2.3.2 cDNA library preparation and RNA sequencing              66 
2.3.3 Contig assembly and transcriptome analysis               67 
2.4 Proteomic analysis                   68 
2.4.1 Organs dissection and preparation                68 
2.4.2 Liquid Chromatography-tandem Mass Spectrometry (LC-MS/MS) analysis  68 
2.4.3 Proteomic analysis                  69 
5 
 
2.4.4 Protein identification by MALDI/TOF-TOF tandem mass spectrometry         69 
2.5 Molecular biology techniques                 70 
2.5.1 cDNA production                  70 
2.5.2 Polymerase chain reaction (PCR)                70 
2.5.3 3’ and 5’ Rapid Amplification of cDNA Ends (RACE)              72 
2.5.4 DNA purification                  72 
2.5.5 Nucleic acids quantification                 72 
2.5.6 Nucleic acid agarose gel electrophoresis               73 
2.5.7 StrataClone subcloning                  73 
2.5.8 Colony screening                  74 
2.5.9 Plasmid DNA extraction                  75 
2.5.10 DNA sequencing (Sanger sequencing)                75 
2.5.11 In-Fusion HD cloning                  76 
2.6 Recombinant protein expression                 76 
2.6.1 Transformation of chemically competent cells               76 
2.6.2 Expression systems                  77 
2.6.2.1 E. coli cytoplasmic expression system               77 
2.6.2.2 E. coli periplasmic expression system               78 
2.6.2.3 Baculovirus mediated insect cell expression system             79 
2.6.3 Bacterial cells expression                 80 
2.6.4 Insect cells expression                  81 
2.6.5 Sodium Dodecyl Sulphate Polyacrylamide Gel Electrophoresis (SDS-PAGE)  82 
2.6.6 Schiff’s fuchsin-sulfite glycoprotein stain               83 
2.6.7 Western blot analysis                  83 
2.6.8 Protein quantification (Bradford assay)               84 
2.6.9 Protein concentration                  84 
2.6.10 Media                    84 
2.6.10.1 Lysogeny Broth                  85 
2.6.10.2 Super Optimal Broth with Catabolite repression              85 
2.6.10.3 Auto-induction medium                 85 
2.6.10.4 M9 minimal medium                 85 
2.7 Protein purification                   86 
2.7.1 Affinity chromatography                 86 
6 
 
2.7.2 Gel filtration                   87 
2.7.3 Thermal shift assay                  87 
2.8 Enzyme activity assays                  88 
2.8.1 DNS (3,5-dinitrosalicylic acid) reducing sugars assay              88 
2.8.2 Heat maps                   89 
2.8.3 Polysaccharide analysis using carbohydrate gel electrophoresis (PACE)        90 
2.8.4 Product identification by MALDI/TOF-TOF tandem mass spectrometry         90 
2.8.5 Substrates                   91 
Chapter 3: Anatomy and physiology of the digestive organs of Lyrodus pedicellatus      92 
3.1  Introduction                    92   
3.2 Aims of the chapter                   93 
3.3 Gills and food groove                  94 
3.3.1 Investigation of gills and food groove                94 
3.3.1.1 Microscopy and in vivo assays of the gills and food groove            94 
3.3.1.2 Immunogold labelling of the gills and food groove             99 
3.3.1.3 In vitro activity assay of the gills              101 
3.4 Caecum                  103 
3.4.1 The wood-degrading properties of the caecum            103 
3.4.2 Investigation of the lignocellulolytic activities of the caecum           105 
3.4.2.1 Transmission electron microscopy of the caecum            105 
3.4.2.2 Compositional analysis of wood versus frass            108 
3.4.2.3 In vitro activity assay of the caecum fluids            111 
3.4.2.4 Caecum protein identification              113 
3.5 Digestive glands                 117 
3.5.1 Investigation of the digestive glands              117 
3.5.1.1 Microscopy of the digestive glands             117 
3.5.1.2 In vitro activity assay of the digestive glands            122 
3.6 Crystalline style                 123 
3.6.1 Investigation of crystalline style and its sac             123 
3.6.1.1 Light and electron microscopy of the crystalline style and its sac          123 
3.6.1.2 Proteins of the crystalline style              128 
3.6.1.3 Enzymatic activities of the crystalline style            131 
3.7 Discussion                  134 
7 
 
Chapter 4: Transcriptomic and proteomic analysis of the digestive organs of Lyrodus 
pedicellatus                   140 
4.1 Introduction                  140 
4.2 Aims of the chapter                 141 
4.3 Transcriptomic analysis of digestive glands, caecum, gills and crystalline  
style sac                  142 
4.3.1 Sequencing of RNA from the digestive glands, caecum and gills          142 
4.3.2 Sequencing of RNA from crystalline style sac             143 
4.3.3 Analysis of the transcriptome of digestive glands, caecum, gills and crystalline 
style sac                           144 
4.4 The role of the caecum in sugar transport              153 
4.5 Analysis of the proteome of digestive glands, caecum, gills and crystalline style 154 
4.5.1 The non-CAZy proteins of the crystalline style             165 
4.6 The role of the digestive glands and caecum in immunity            169 
4.7 Discussion                  173 
Chapter 5: Heterologous expression and characterisation of endogenous and bacterial 
lignocellulolytic enzymes from Lyrodus pedicellatus             180 
5.1 Introduction                  180 
5.2 Aims of the chapter                 182 
5.3 Target enzymes selection and cloning              182 
5.4 The bacterial LpsGH5_8                187 
5.4.1 Sequence analysis and cloning               187 
5.4.2 Expression                 189 
5.4.3 Activity assays                 192 
5.4.3.1 Activity against polysaccharides              192 
5.4.3.2 Heat maps                 195 
5.4.3.3 Polysaccharide analysis using carbohydrate gel electrophoresis          196 
5.5 The bacterial LpsGH134a and LpsGH134b              197 
5.5.1 Sequence analysis and cloning               197 
5.5.2 Expression                 200 
5.5.3 Activity assays                 202 
5.5.3.1 Activity against polysaccharides              202 
5.5.3.2 Heat maps                 204 
8 
 
5.5.3.3 Polysaccharide analysis using carbohydrate gel electrophoresis           205 
5.6 The bacterial LpsGH11                206 
5.6.1 Sequence analysis and cloning               206 
5.6.2 Expression                 208 
5.6.3 Activity assays                 211 
5.6.3.1 Activity against polysaccharides              211 
5.6.3.2 Polysaccharide analysis using carbohydrate gel electrophoresis          212 
5.7 The bacterial LpsAA10                213 
5.7.1 Sequence analysis and cloning               213 
5.7.2 Expression                 215 
5.7.3 Activity assays                 217 
5.7.3.1 MALDI/TOF-TOF tandem mass spectroscopy            217 
5.8 Discussion                  219 
Chapter 6: Final discussion                 224 
6.1 General discussion                 224 
6.2 Future work                  229 
Appendices                   231  
      Appendix A                  232 
 Appendix B                               234 
 Appendix C                  235 
List of abbreviations and symbols                238 
References                   242 
Publications arising from this work                270 
 
 
 
 
 
 
 
 
 
9 
 
List of tables 
Table 1.1. Classification of the Teredinidae family.  
Table 2.1. Primers used for the cloning of the bacterial proteins LpsGH5_8, LpsGH11, 
LpsGH134a and LpsGH134b.  
Table 2.2. Reaction reagents and quantities used for the PCR reactions. 
Table 2.3. The thermo-cycling conditions used for the PCR reactions. 
Table 2.4. RACE and nested RACE primers used for the cloning of the bacterial proteins 
LpsGH5_8 and LpsGH134a. 
Table 2.5. Reaction reagents and quantities used for the colony PCR reactions. 
Table 2.6. The thermo-cycling conditions used for the colony PCR reactions. 
Table 2.7. Table used to calculate the amount of solution A and B to use to make up the 
citrate-phosphate buffer at different pHs. 
Table 3.1. Summary of the enzymatic activities of the crystalline style of bivalves and 
gastropods.  
Table 4.1. Digestive gland transcripts encoding for CAZymes among the 1,000 most highly 
expressed transcripts. 
Table 4.2. Caecum transcripts encoding for CAZymes among the 1,000 most highly 
expressed ones. 
Table 4.3. Crystalline style transcripts encoding for CAZymes among the 1,000 most highly 
expressed ones. 
Table 4.4. Gills transcripts encoding for CAZymes among the 1,000 most expressed ones. 
Table 4.5. Transcripts annotated as putative sugar transporters identified in the 
transcriptome of L. pedicellatus. 
Table 4.6. CAZymes of the digestive glands.   
Table 4.7. CAZymes of the caecum.   
Table 4.8. CAZymes of the gills.   
Table 4.9. CAZymes of the crystalline style. 
Table 4.10. Crystalline style proteomics results.   
Table 4.12. Transcripts annotated as putative proteins involved in immunity identified in 
the transcriptome of digestive glands, caecum, gills and crystalline style sac. 
Table 5.1. The targets of heterologous recombinant protein expression. 
Table 5.2. The expression attempts for the target prokaryotic and eukaryotic proteins. 
Table 5.3. Solubility tags used for recombinant protein expression. 
10 
 
List of figures 
Figure 1.1. Plant cell wall localisation and structure.  
Figure 1.2. The structure of cellulose.  
Figure 1.3. The structure of lignin.  
Figure 1.4. Conversion efficiency of lignin, hemicellulose and cellulose by different classes 
of NBUS.  
Figure 1.5. Cellulose digestion capability in some insects.  
Figure 1.6. Location of the bacteriocytes in the gill’s lamellae of L. pedicellatus.  
Figure 1.7. Bacteriocytes containing bacteria in Bankia australis.  
Figure 1.8. The bacterium Teredinibacter turnerae isolated from the gills of L. pedicellatus.  
Figure 1.9. Overall body organisation of Lyrodus pedicellatus.  
Figure 1.10. X-ray picture of a block of wood containing L. pedicellatus.  
Figure 1.11. Lyrodus pedicellatus larvae.  
Figure 1.12. Lyrodus pedicellatus larvae settlement into the wood.  
Figure 1.13. Diagram of the shipworm L. pedicellatus.  
Figure 1.14. Light microscopy of the gills and food groove.  
Figure 1.15. Shipworm gills.  
Figure 1.16. Scanning electron microscopy of L. pedicellatus gills.  
Figure 1.17. Scanning electron microscopy of L. pedicellatus food groove.  
Figure 1.18. Light microscopy of the caecum.  
Figure 1.19. Light microscopy of the digestive glands.  
Figure 1.20. The phagocytes of T. navalis.  
Figure 1.21. The crystalline style.  
Figure 2.1. The tank set-up for the shipworm cultures. 
Figure 2.2. Western blot obtained of the antibody purification. 
Figure 2.3. Map of the linearised StrataClone PCR Cloning Vector pSC-A-amp/kan. 
Figure 2.4. Map of the expression plasmid pET52b(+). 
Figure 2.5. Map of the expression plasmid pETFPP30. 
Figure 2.6. Map of the expression plasmid pOPINS3C developed at OPPF-UK. 
Figure 3.1. Lyrodus pedicellatus bacteriocytes location. 
Figure 3.2. Gills and food groove stained with x-cellobiose. 
Figure 3.3. TEM of a section of gill lamina. 
Figure 3.4. TEM of a section of the food groove. 
11 
 
Figure 3.5. Immunogold labelling of the gills, food groove and caecum. 
Figure 3.6. Enzymatic activity of gill extracts on a range of polysaccharide substrates. 
Figure 3.7. Caecum and typhlosole in L. pedicellatus visualised by TEM. 
Figure 3.8. Compositional analysis of wood versus frass in L. pedicellatus. 
Figure 3.9. Compositional analysis of the hemicellulosic fraction of wood versus frass. 
Figure 3.10. Enzymatic activity of soluble caecum fluids. 
Figure 3.11. SDS-PAGE of the total protein of L. pedicellatus caecum fluids. 
Figure 3.12. SDS-PAGE of the proteins isolated from L. pedicellatus caecum. 
Figure 3.13. Light microscopy of the “digestive” portion of the digestive glands. 
Figure 3.14. TEM image from the “digestive” portion of the digestive glands. 
Figure 3.15. TEM image of phagocytes found in the “digestive” portion of the digestive 
glands. 
Figure 3.16. TEM images of the “excretory” portion of the digestive. 
Figure 3.17. DNS reducing sugars assays of the digestive glands. 
Figure 3.18. Schematic representation of a typical bivalve crystalline style. 
Figure 3.19. Light microscopy phase contrast image of the crystalline style. 
Figure 3.20. TEM images of the basal part of the crystalline style sac of L. pedicellatus. 
Figure 3.21. TEM images of the middle part of the crystalline style sac of L. pedicellatus. 
Figure 3.22. SDS-PAGE of L. pedicellatus crystalline style. 
Figure 3.23. Carbohydrate staining of the crystalline style of L. pedicellatus. 
Figure 3.24. Enzymatic activity of the crystalline style on a range of substrates. 
Figure 4.1. Agilent 2200 Tape station gel image. 
Figure 4.2. Agilent 2200 Tape station gel image and electropherograms showing the RNA 
extracted from the crystalline styles. 
Figure 4.3. CAZymes classes identified in the transcripts of the digestive glands, caecum, 
gills and crystalline style sac of L. pedicellatus. 
Figure 4.4. Transcript levels (in TPM) of the contigs with a CAZy domain identified in the 
1,000 most expressed transcripts of the digestive glands, caecum, gills and crystalline style 
sac.  
Figure 4.5. Expression levels of the putative glucose transporters identified in the 
transcriptome of L. pedicellatus. 
Figure 4.6. CAZyme classes identified in the proteomic analysis of the digestive glands, 
caecum, gills and crystalline style sac of L. pedicellatus. 
12 
 
Figure 4.7. The crystalline style protein composition of L. pedicellatus. 
Figure 4.8. Expression levels of the putative protein involved in immunity identified in the 
transcriptome of L. pedicellatus. 
Figure 5.1. LpsGH5_8 predicted sequence and domains. 
Figure 5.2. Gel electrophoresis of the cloning steps of LpsGH5_8. 
Figure 5.3. Analysis of the expression trial of LpsGH5_8. 
Figure 5.4. Affinity purification of LpsGH5_8. 
Figure 5.5. Gel filtration of LpsGH5_8. 
Figure 5.6. Gel filtration of LpsGH5_8 without CBM. 
Figure 5.7. DNA reducing sugar assays for LpsGH5_8 with and without CBM. 
Figure 5.8. Heat map for LpsGH5_8. 
Figure 5.9. PACE analysis performed on selected substrates for LpsGH5_8 with and without 
CBM. 
Figure 5.10. LpsGH134a and LpsGH134b predicted sequences and domains. 
Figure 5.11. Gel electrophoresis of the cloning steps of LpsGH134a and LpsGH134b. 
Figure 5.12. Analysis of the expression trial of LpsGH134a and LpsGH134b. 
Figure 5.13. Affinity purification of LpsGH134a and LpsGH134b. 
Figure 5.14. Thermal shift assay for LpsGH134a and LpsGH134b. 
Figure 5.15. DNA reducing sugar assays for LpsGH134a and LpsGH134b. 
Figure 5.16. Heat maps for LpsGH134a and LpsGH134b. 
Figure 5.17. PACE analysis performed on selected substrates for LpsGH134a and 
LpsGH134b. 
Figure 5.18. LpsGH11 predicted sequences and domains. 
Figure 5.19. Gel electrophoresis of the cloning steps of LpsGH11. 
Figure 5.20. Gel electrophoresis of the transfection of LpsGH11 into Sf9 cells. 
Figure 5.21. Gel filtration of LpsGH11. 
Figure 5.22. Thermal shift assay for LpsGH11 after the SUMO tag cleavage. 
Figure 5.23. DNS reducing sugar assays for LpsGH11. 
Figure 5.24. PACE analysis performed on grass xylan for LpsGH11. 
Figure 5.25. LpsAA10 predicted sequences and domains. 
Figure 5.26. Gel electrophoresis of the cloning steps of LpsAA10. 
Figure 5.27. Purification of LpsAA10. 
13 
 
Figure 5.28. Thermal shift assay for LpsAA10 before and after loading with CuSO4 and after 
performing gel filtration. 
Figure 5.29. MALDI/TOF-TOF tandem mass spectroscopy analysis of activity assays with 
purified LpsAA10 and PASC. 
Figure 5.30. MALDI/TOF-TOF tandem mass spectroscopy analysis of activity assays with 
purified LpsAA10 and Avicel. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
14 
 
Acknowledgments 
 
Firstly, I would like to express my sincere gratitude to my supervisors, Prof. Simon 
McQueen-Mason and Prof. Neil Bruce, for giving me the opportunity to join the “wood 
borers project”, of which this PhD thesis is part. They took a leap of faith in giving this 
project to me, a Marine biologist who became a Paramedic and then turned into a Lab 
Scientist. I really appreciate their perhaps unconventional choice, and I hope I have not 
made them regret it!  
 
I am very grateful to my sponsor, the UK Biotechnology and Biological Sciences Research 
Council (BBSRC), for providing the funding that allowed me to carry out this work, and the 
White Rose BBSRC Doctoral Training Partnership for allowing me to join their training 
scheme. 
 
Many thanks to my TAP supervisors, Robert White and Michael Plevin, for their assistance 
and encouragement throughout these four years, and for the invaluable advices, 
comments and revisions they provided for many TAP reports.  
 
In CNAP (Centre for Novel Agricultural Project), the research centre where the work was 
carried out, I have too many people to acknowledge. I have never worked in such a friendly, 
supportive and relaxed environment, where high standard research is carried out 
nevertheless this laid-back approach. I am extremely grateful to Federico Sabbadin, who 
passed me some of his extensive knowledge of molecular biology, biochemistry and 
bioinformatics and taught me all I now know. Luisa Elias has been a great friend and 
colleague, with whom I shared many laughs around the lab benches, and has been mine 
(and the whole lab’s) reference point throughout my PhD. Katrin Besser was another 
invaluable font of knowledge and a model for perseverance and dedication. Other 
colleagues to mention, in no particular order, are: Claire-Steele-King (without whom no 
microscopy work would have been possible), Yi Li, Rachael Hallam, Leonardo Gomez, Laura 
Faas, Carla Botehlo Machado, Julia Crawford, Caragh Whitehead, Juliana Sanchez Alponti, 
Linda Sainty, Joe Bennett, Alexandra Lanot, Aritha Dornau, Daniel Leadbeater (thank you 
for your help with the heat maps), David Neale, Liz Rylott, Thierry Tonon, Margaret 
Cafferky, Nicola Oates, Veronica Ongaro, Anna Alessi and Susannah Bird. 
15 
 
 
Many thanks go to the Institute of Marine Science staff at Portsmouth University (in 
particular Simon Cragg (I have learnt so much from you about shipworm biology and 
taxonomy), Elizabeth Clutton, Amaia Etxabe, Lourdes Cruz Garcia and Graham Maylon) who 
took care of the shipworm rearing, retrieval and dissections. The staff of the Istituto di 
Science Marine in Venice (ISMAR-CNR) was extremely helpful (mainly Davide Tagliapietra, 
Marco Sigovini and Irene Guarnieri) and even if the data collected in Venice have not been 
included in this dissertation, their knowledge, hospitality and helpfulness won’t be 
forgotten. 
 
The Technology Facility staff at York University has been extremely helpful with many 
aspects of the data analysis process. In particular, I would like to mention Jared Cartwright, 
Rebecca Preece and Mick Miller for their friendly support with protein production; Adam 
Dowle, Rachel Bates and Swen Langer for their help with the proteomic analysis; Peter 
O’Toole, Meg Stark, Graeme Park, Karen Hogg, Jo Marrison and Karen Hodgkinson from the 
imaging and cytometry lab; Peter Ashton and John Davey for support with genomics and 
bioinformatics analysis.  
 
Staff at the Biorenewable Development Centre in Dunnington, York, made my PIPs project 
stimulating and enjoyable, and I am grateful to them (Deborah Rathbone, Alexandra Jukes, 
Rosie Nolan, Susan Heywood, David Vaughan and Joe Bennett). 
 
I am thankful to the Oxford Protein Production Facility UK for allowing me to use their 
specialised high throughput equipment for protein expression and purification. Without 
the help of Ray Owens, Luise Bird, Valtteri Jarvinen and Joanne Nettleship, LpsGH11 would 
have never been expressed. 
 
The Next Generation Sequencing Facility staff at the University of Leeds, namely Ian Carr, 
Sally Harrison, Carolina Lascelles and Ummey Hany, was extremely helpful and competent 
in their assistance with the RNA sequencing. 
 
Many thanks also to Paul Dupree, Marta Busse-Wicher and Rita Delgado Silva Marques 
from the Department of Biochemistry in Cambridge, who carried out the PACE analysis.   
16 
 
 
Acknowledgements are also owed to all the support staff at York University. There are too 
many names to mention, but the people that have been particularly friendly and helpful 
are Lorna Warnock, Amanda Barnes, Andrew Smith, Monica Bandeira, Fiona Scaife, Paul 
Genever, Emma Rand, Betsy Pownall and David Nelmes. 
 
Last, but not least, I would like to thank my family (my mother Bianca, my father Vitaliano 
and my sister Giulia) for always supporting ciccia biologa in her maybe unusual and 
frustrating choices, and for always being there when needed. Sadly, my father did not make 
it to see me as Dr Pesante, but I know he would have been very proud. My partner Robert 
Foxon was also supportive and sympathetic throughout my PhD life, thank you! 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
17 
 
Declaration  
 
I declare that this thesis is a presentation of original work and I am the sole author, except 
for where due reference has been given to colleagues and collaborators. This work has not 
previously been presented for an award at this, or any other, University. All sources are 
acknowledged as References.        
  
The following publication has arisen from this work: 
 
Sabbadin, F., Pesante, G., Elias, L., Besser, K., Li, Y., Steele-King, C., Stark, M., Rathbone, 
D.A., Dowle, A.A. and Bates, R. 2018. Uncovering the molecular mechanisms of 
lignocellulose digestion in shipworms. Biotechnology for biofuels, 11, 59. 
 
Please find a reprint of this publication at the end of the thesis. 
 
Signature:  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
18 
 
Chapter 1: General introduction 
 
1.1 Biofuels and the plant cell wall 
 
1.1.1 The need for biofuels 
Greenhouse gases (GHGs) causing global warming are a topical issue. It has been estimated 
that the average global surface temperature of Earth has increased of 0.8 °C since 1880, 
with most of the warming occurring since 1975 (Hansen et al., 2010), an increase that is 
directly linked to human activities rather than natural fluctuations due to weather 
variability. This global warming, if not kept under control, is likely to have devastating 
effects on parts of the Planet. The Agreement signed in Paris in 2015 by the United Nations 
Framework Convention on Climate Change aimed at reducing GHG emissions to net zero 
by 2300 (U.N.F.C.C.C., 2015). However, it is foreseen that the gases already accumulated in 
the atmosphere will cause a global temperature increase despite the GHGs reduction, with 
a consequent rise of the ocean levels up to 1.5 m, due to the melting of the polar ice sheets 
(Mengel et al., 2018).  
Among the GHGs, carbon dioxide (CO2) is produced in highest quantities, and the amounts 
recorded in the atmosphere are directly proportional - and the main causal driver - to the 
temperature increase registered since 1850 (Stips et al., 2016). CO2 production is directly 
linked to the burning of fossil fuels, which are estimated to be responsible for 80% of the 
anthropogenic GHG emission (Quadrelli and Peterson, 2007), a figure that is predicted to 
rise rapidly due to the increase of the human population and the consequent global energy 
demand (U.N., 2013). Fossil fuels are, therefore, one of the most significant contributors to 
climate change. The environmental problems caused by the burning of fossil fuels, coupled 
with their limited availability - oil, gas and coal are foreseen to be exhausted in less than 
100 years (Shafiee and Topal, 2009) - have led to a growing effort being put into the 
discovery and production of fuels that not only are more sustainable and less polluting, but 
also renewable and available in large quantities. One of the best alternatives to fossil fuels 
are biofuels such as bioethanol, biodiesel or biogas obtained by fermenting the sugars 
contained in plant material. Indeed, biomass is available in large quantities, it is inexpensive 
and renewable, and biofuels have the potential to be carbon neutral, meaning that the CO2 
released during their use equals the amount that is re-absorbed from the air by growing 
plants (Gomez et al., 2008). In light of these advantages, the European Union in 2007 
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agreed that at least 10% of the transport fuels in Europe must come from renewable 
resources by 2020 (E.U., 2007; Klessmann et al., 2011), and the United States in 2008 
increased of almost five times the set production target of renewable transport fuels (I.E.A., 
2008).  
 
1.1.2 First- and second-generation biofuels 
The first non-fossil based fuels to be utilised at a commercial scale have been produced by 
fermentation of sugars that are easily accessible in sugar cane, sugar beet, corn or starch 
(Gomez et al., 2008). These first generation biofuels, and particularly bioethanol, have now 
become familiar commodities worldwide. Global biofuel production showed almost a 
fivefold increase from 2002 to 2012, with the USA and Brazil being the major producers, 
followed by Europe and Asia (UNCTAD, 2016). However, the fact that the crops used for 
the production of these biofuels are the same as those used by the food industry has 
generated a heated “food versus fuel” debate, particularly after a food price increase in the 
USA (Odling-Smee, 2007). Furthermore, recent research has highlighted the high amount 
of fertilisers and pesticides needed for the production of these sugar and starch crops, as 
well as the fact that these crops are not really carbon neutral but have a net CO2 emission, 
even if lower than burning fossil fuels (Hill et al., 2006; Waldrop, 2007; DeCicco et al., 2016). 
As a result of these economic and environmental issues, and also as a consequence of a 
recent drop of oil prices, the biofuel production growth rates have decreased worldwide, 
and the annual production in 2015 has indeed plummeted to values similar to 2010 
(UNCTAD, 2016). 
A more environmentally sustainable alternative are the second-generation biofuels, which 
are produced from biomass material not used by the food industry. These alternative 
feedstocks range from agricultural by-products (unused plant stems, straw and wood 
shavings, sugar cane bagasse) to municipal solid waste and dedicated crops grown on 
marginal or degraded land (Carroll and Somerville, 2009; Li et al., 2014). Second-generation 
biofuels started to be marketed on a commercial level between 2013 and 2015, and it is 
estimated that by 2020 there will be an increase of 50% of their market (UNCTAD, 2016). 
However, second-generation biofuel production is not at present cost-effective, due the 
recalcitrant nature of the lignocellulose that comprises the majority of woody biomass (see 
next section, 1.1.3) (Chen and Dixon, 2007). The practice of processing the polysaccharide 
constituents of lignocellulose into simple sugars (called saccharification) on an industrial 
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scale has been found to be challenging and expensive (Yang and Wyman, 2008). Indeed, 
plants’ lignocellulosic tissues are strong, tough and resistant to chemical and biological 
attack, which renders their sugar contents difficult to access. For this reason, harsh 
chemical and physical pretreatments are needed to render the plant material more 
accessible (Mosier et al., 2005; Galbe and Zacchi, 2007), and then a complex mixture of 
different cellulolytic enzymes are required to hydrolyse the carbohydrates, producing 
monosaccharides or short oligosaccharides (Jørgensen et al., 2007). A cost-effective 
combination of pretreatments and enzymes has still not been found, mainly due to high 
costs and low enzyme efficiency, despite significant new progress being continuously made 
(Sims et al., 2010). Considerable current research is focused on the discovery and 
characterization of novel cellulases and associated enzymes from bacteria, fungi and 
invertebrates in order to develop more efficient approaches to lignocellulose 
saccharification and therefore second-generation biofuels production. 
 
1.1.3 Lignocellulosic biomass  
Second generation biofuels are obtained from lignocellulosic biomass, which comprises of 
plant secondary cell walls, the thick layer that the cells lay down inside the primary cell 
walls to strengthen plant structure. Plants produce the primary cell wall during growth, 
while the secondary wall is formed once expansion has ceased, and its function is to make 
the plant mechanically strong and resistant to external and internal stress (Zhong et al., 
2010). The secondary cell wall principally comprises cellulose, hemicellulose and lignin 
(Figure 1.1), with pectins and structural proteins also being an important part of its 
structure, despite being less abundant than the other components (Vogel, 2008). The 
composition and structure of the secondary cell wall makes it resilient to chemical, physical 
and biological attack, therefore it is challenging to extract from it the monosaccharides that 
can be fermented into bioethanol, hence the challenge for the second-generation biofuels 
(Wingren et al., 2003; Harris and DeBolt, 2010).  
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Figure 1.1. Plant cell wall localisation and structure. Figure adapted from Rubin (2008). 
 
1.1.4 Cell wall composition 
1.1.4.1 Cellulose  
Cellulose is the main structural component of the plant cell wall and can make up to 35-
50% of its dry weight (Pauly and Keegstra, 2008), making it the most abundant organic 
polymer on Earth (Klemm et al., 2005). It is composed of unbranched parallel chains of β-
1,4 linked glucans, which are polymers of pure glucose. Consecutive glucose residues in 
cellulose are rotated 180° around the glycosidic bond, forming repetitive units of cellobiose 
(Figure 1.2A). The glucan chains form crystalline microfibrils, held together by  interchain 
hydrogen bonds and Van derWaals forces (Nishiyama et al., 2002), which render them 
insoluble and therefore enzyme resistant (Dimarogona et al., 2012). Recent research 
suggests that the microfibrils are made up of 24 glucan chains; groups of three chains are 
organised in eight sheets, which are arranged into a rectangular shape (Fernandes et al., 
2011; Thomas et al., 2013). The previous theory from 1983 suggested subunits of six 
proteins to make a complex of 36 chains (Herts, 1983). The cellulose microfibrils are 
produced by large protein complexes called rosettes located in the plasma membrane 
(Gomez et al., 2008). 
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Figure 1.2. The structure of cellulose. A. The β-1,4 glucan chain, showing glucose residues rotated 180⁰ 
around the glycosidic bond and forming repetitive units of cellobiose. Figure adapted from Marriott (2014). 
B. The crystalline and amorphous regions of the cellulose microfibrils. Figure adapted from 
http://granalgae.eu/granalgae/blog/1-The-organic-graphene.html. 
 
Being abundant in nature, and containing large amount of glucose, cellulose is the ideal 
biological material to be used for ethanol production, since the glucose can be fermented 
into ethanol by yeasts or bacteria (Carroll and Somerville, 2009). However, the main 
hindrance to the process is the crystallinity of cellulose, which makes it inaccessible to the 
cellulolytic enzymes and therefore more difficult to digest (Gomez et al., 2008). However, 
not all the cellulose is organised in a crystalline structure, since some areas of the glucan 
chain are non-covalently linked to other polysaccharides such as mannans and xylans, and 
are therefore less organised and amorphous (Figure 1.2B) (Heredia et al., 1995). 
 
1.1.4.2 Hemicellulose  
Hemicellulose is a collective term for a group of polysaccharides that cover the cellulose 
microfibrils, to which they associate by hydrogen bonding (McCann et al., 1990; Gomez et 
al., 2008; Simmons et al., 2016). Their main role is to give the wall integrity by holding the 
cellulose chains together, but at the same time they ensure flexibility by keeping the 
microfibrils spatially separated (Scheller and Ulvskov, 2010). Hemicelluloses are a highly 
heterogeneous assembly of carbohydrates, and the name of the group was given when the 
organisation and biosynthesis of hemicelluloses were not well understood. According to 
A 
B 
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the review written by Scheller and Ulvskov in 2010, hemicelluloses should be defined those 
plant wall carbohydrates that are not cellulose or pectins and are composed by a β-1,4 
linked backbone with an equatorial conformation in C1 and C4; the backbone is highly 
branched with variegated side chains.  
Hemicelluloses can be comprised of pentose sugars (β-D-xylose, α-L-arabinose), hexose 
sugars (β-D-mannose, β-D-glucose, α-D-galactose), uronic acids (α-D-glucuronic, α-D-4-O-
methylgalacturonic and α-D-galacturonic) and sometimes sugars like α-L-rhamnose and α-
L-fucose (Gírio et al., 2010). The composition and abundance of these sugars and acids 
varies highly between different species of plant and tissue type (Scheller and Ulvskov, 
2010), therefore it is difficult to give an overall description for each group. Xyloglucans are 
the most abundant components of hemicelluloses in the primary cell wall of dicotyledons, 
but are less abundant and with a different structure in grasses and conifers and are only 
found in traces in secondary cell walls (Heredia et al., 1995; Vogel, 2008). Xylans are 
dominant in secondary walls of angiosperms, including hardwoods, cereals and perennial 
grasses, which are the most important source of biomass for biofuel production, and they 
represent around 20-30% of the dry weight of the walls (Dodd and Cann, 2009). Mannans 
and glucomannans constitute a smaller fraction of the cell wall (Vogel, 2008), but are 
important as a source of energy and hydration in seeds, and are the major hemicellulose in 
gymnosperm species such as softwoods (Buckeridge, 2010). Beta 1,3- and 1,4-glucans are 
not very widely distributed, being mainly restricted to few plant groups including grasses, 
where they are a minor component of secondary walls (Ochoa-Villarreal et al., 2012).  
Hemicelluloses typically comprise between 15-35% of plant biomass, therefore constituting 
an important source of sugars for biofuel production. However, the heterogeneity of the 
hemicelluloses and the presence of pentose sugars that are not easily fermented by yeast 
and bacteria that are normally used for ethanol production, results in hemicellulose being 
largely unused and therefore discarded in most of the ethanol plants around the world 
(Gomez et al., 2008; Gírio et al., 2010).  
 
1.1.4.3 Pectins  
Pectin is the name given to the third group of the polysaccharides found in the plant cell 
wall. Their main roles are to contribute to the integrity and rigidity of primary cell walls, 
and they are also involved in ion transport, water retention and defense mechanisms 
(Caffall and Mohnen, 2009). Pectins are quite diverse but are characterised by having a high 
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percentage of galacturonic acid and by being easily extracted using water, acids or chelating 
agents (Heredia et al., 1995; Scheller and Ulvskov, 2010). They are an abundant component 
of primary cell walls of monocotyledons (20-35%) but are significantly less important in 
secondary walls of dicotyledons and grasses (Vogel, 2008), therefore they are not 
considered important in biofuels production and will not be discussed further in this work. 
 
1.1.4.4 Lignin  
Lignin makes up about 30% of most secondary plant cell walls (Scheller and Ulvskov, 2010). 
It is the main barrier for successful extraction of polysaccharides from plants, as it forms a 
hydrophobic coating that is highly resistant to degradation (Sattler and Funnell-Harris, 
2013). Lignin is deposited to reinforce cell walls after cell expansion has ceased. It is a 
polyphenol comprised of hydroxycinnamyl alcohol monolignols, p-courmaryl alcohol, 
coniferyl alcohol and sinapyl alcohol, which are secreted into the cell wall and then 
polymerised by free radical coupling (Figure 1.3) (Boudet et al., 1995; Boerjan et al., 2003). 
Once the monomers are incorporated into lignin, they constitute units that are categorised 
as p-hydroxyphenyl (H), guaiacyl (G) and syringyl (S). These H, G and S units are used by 
different plants in different proportion, being mostly G and S in angiosperms, 
predominantly only G (with traces of H and S) in gymnosperms and a mixture of G and S in 
monocotyledons (Boerjan et al., 2003). The resulting polymer is highly branched and lacks 
notable repeat structures, the reason why so far no enzymes have been discovered that 
can directly depolymerise it. 
 
 
Figure 1.3. The structure of lignin. The three building blocks of lignin, the monolignol monomers, are 
represented in colours: p-coumaryl (green), coniferyl (red) and sinapyl (green). Figure reproduced from 
Kärkäs et al. (2016) 
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1.1.4.5 Structural proteins 
Structural proteins are another element of the plant cell wall, but they are mostly found 
only in the primary cell walls (around 10%) of both monocotyledons and dicotyledons 
(Vogel, 2008). These proteins are classified in five main classes (extensins, glycine-rich 
proteins, solanaceous lectins, proline-rich proteins and arabinogalactan proteins) and their 
functions range from structural roles to morphogenesis and cell-cell interactions 
(Showalter, 1993; Cassab, 1998). They will not be discussed further as they are not 
considered important in the context of biofuel production.  
 
1.1.5 Lignocellulolytic enzymes 
The enzymes needed for cellulose digestion include four main categories, which are 
collectively called cellulases and act synergistically by creating new sites for the enzyme 
that follows. These include: 1. Lytic polysaccharide monooxygenases (LPMOs) oxidatively 
introduce breaks in glucan chains in crystalline cellulose to allow glycoside hydrolases to 
function; 2. Endo-glucanases randomly hydrolyse the internal glyosidic bonds in the 
cellulose microfibrils, creating free chain ends; 3. Exo-glucanases (also called 
cellobiohydrolases) cleave glyosidic bonds from the reducing and non-reducing ends of the 
cellulose chain, generating glucose or cellobiose moving along the cellulose chain; 4. Beta-
glucosidases hydrolyse cellobiose into glucose and also act on cellulooligosaccharides by 
cleaving glucose units off (Teeri, 1997; Watanabe, 1998; Eriksson et al., 2002; Väljamäe et 
al., 2003; Jørgensen et al., 2007).  
A wide variety of enzymes, which make up the hemicellulases, is needed for the digestion 
of the hemicelluloses, given the complexity of these polymers. For example, the complex 
structure of grass biomass requires a range of endo-β-1,4-xylanases and β-1,4-xylosidases 
to attack internal and external xylan chains, endo-1,4-β-mannanases and 1,4-β-
mannosidases to cleave internal bonds in mannans and release mannose from the non-
reducing ends, α-L-arabinofuranosidases, α-L-arabinanases, α-glucuronidases, p-courmaric 
acid and acetylxylan esterases, feruloyl esterases and other enzymes (Prade, 1996; Beg et 
al., 2001; Shallom and Shoham, 2003; Moreira and Filho, 2008). LPMOs that act on 
hemicellulose such as xylan, xyloglucan and glucomannan have also recently been 
described (Agger et al., 2014; Hemsworth et al., 2015; Couturier et al., 2018). 
In order to access the carbohydrates, lignin also must be degraded or at least modified. 
However, as previously described (section 1.1.4.4), lignin is difficult to attack enzymatically 
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because it lacks a repetitive structure, and its degradation or modification is achieved using 
free radical attack mediated by lignin and manganese peroxidases and laccases (Higuchi, 
2004). In this type of reactions, C-C and C-O-C bonds from polyphenols and lignin are 
cleaved oxidatively to generate free radicals (Ertan et al., 2012; Siddiqui et al., 2014). The 
precise mechanism of lignin depolymerisation and the role and importance of Fenton 
chemistry over that of enzymes is still a matter of debate; it is probable that the two 
systems work in synergy (Scharf et al., 2011). 
The Carbohydrate-Active enZymes database (CAZy, www.cazy.org) is a comprehensive 
collection of enzymes active on carbohydrates and their associated modules (Cantarel et 
al., 2008). The enzymes are classified according to similarities in their amino acid sequence 
(Henrissat, 1991). The database includes both the enzymes needed for the assembly of 
carbohydrates, named glycosyltransferases (GTs), and those necessary for their 
breakdown. The latter are grouped in five different classes: glycosyl hydrolases (GHs), 
polysaccharide lyases (PLs), carbohydrate esterases (CEs), carbohydrate binding modules 
(CBMs) and the recently added auxiliary activities family (AA), which includes lignolytic 
enzymes and LPMOs (Lombard et al., 2013). 
 
1.2 Degradation of lignocellulose in nature  
As discussed above, the industrial deconstruction of lignocellulose is a cost-inefficient 
process, which involves pretreatments at harsh conditions (high temperature, pressure and 
pH, use of acids or alkali) in order to disrupt the recalcitrant structure of the cell wall and 
expose the carbohydrates for depolymerisation into sugars for fermentation (Gomez et al., 
2008; Carroll and Somerville, 2009). However, in nature there are organisms that are able 
to degrade lignocellulose under ambient conditions, having evolved to utilise the plant 
carbohydrates for their metabolism. These organisms are known under the collective name 
of Natural Biomass Utilisation Systems (NBUS) and have become models for the 
development of lignocellulose conversion systems (Xie et al., 2014). They include bacteria, 
protists, microbial consortia in vertebrate digestive systems, fungi, terrestrial and marine 
invertebrates (Guerriero et al., 2015). They can degrade hemicellulose and cellulose with 
different degrees of efficiency, and some can also digest or modify the lignin (Figure 1.4). 
Different NBUS will be discussed in the following sections, with details on the 
lignocellulolytic enzymes present in each group. 
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Figure 1.4. Conversion efficiency of lignin, hemicellulose and cellulose by different classes of NBUS. White rot 
and brown rot refers to the two types of fungi. Figure reproduced from Sun et al (2013).  
 
1.2.1 Prokaryotes and archaea 
Bacteria are well known for their ability to digest lignocellulosic material (Peralta-Yahya et 
al., 2012), since it was once thought that hydrolysis of cellulose was almost exclusively 
performed by these microorganisms. Bacteria are indeed the main agents, together with 
fungi, responsible for the recycling of carbon in the soil (Lynd et al., 2002). The aerobic 
bacteria Actinomycetales (phylum Actinobacteria) and the anaerobic Clostridiales (phylum 
Firmicutes) have the most prominent cellulolytic ability (Bélaïch et al., 1997). There is a 
notable difference between anaerobic and aerobic bacteria in the way they perform 
biomass digestion. Anaerobic bacteria produce an assembly of enzymes called a 
cellulosome, which is generally located on the surface of the bacterial cell (Schwarz, 2001). 
Therefore cell adhesion to cellulose is necessary in these bacteria (Lynd et al., 2002). 
Although this arrangement enhances the performance of the enzymes (Doi and Kosugi, 
2004; Bayer et al., 2008), the conversion of the substrate is relatively inefficient, giving low 
yields of products (Lynd et al., 2002). Aerobic bacteria, on the contrary, produce a wide 
variety of individual enzymes, which are secreted and can be recovered in the culture 
supernatant (Rapp and Beerman, 1991); this mixture has an enhanced efficiency compared 
to single cellulases and hemicellulases (Wilson, 2011). Prokaryotes able to degrade 
lignocellulose produce a wide range of cellulases and hemicellulases belonging to 
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numerous GH families, while bacterial LPMOs have only been identified in the family AA10. 
Until recently, bacteria were thought to have no ability to degrade lignin, but lignolytic 
enzymes have now been discovered, which are mainly laccases but also include lignin, 
manganese and DyP-type peroxidases (McLeod et al., 2006; Jing, 2010; Ausec et al., 2011; 
Jing and Wang, 2012; Shi et al., 2013b). However, the efficiency is lower than that described 
for equivalent enzymes found in fungi (Bugg et al., 2011).  
The involvement of Archaea in lignocellulose degrading communities has only recently 
been discovered, but they are now known to have a role in termite guts and in compost 
(Boucias et al., 2013; de Gannes et al., 2013). The mechanisms by which they deconstruct 
lignocellulose are not well known so far, but they are thought to rely on GHs and laccases 
(Kataoka and Ishikawa, 2014; Tian et al., 2014). 
 
1.2.2 Fungi 
Fungi have long been known for their ability to degrade lignocellulose. Indeed, army 
material (e.g. tents, clothing) damaged by fungi during World War II prompted studies on 
these organisms, and allowed the discovery of the first cellulose and hemicellulose 
degrading enzymes (Makela et al., 2014). Nowadays, some fungal species such as 
Aspergillus niger and Trichoderma reesei are still widely studied as model organisms for 
lignocellulose digestion and are used for the production of commercial cellulolytic enzymes 
(Xie et al., 2014). The phylum Basidiomycetes includes the classes of white- and brown-rot 
fungi, which can degrade all the components of the plant cell wall. However, these two 
groups of fungi are quite different in the mechanisms and end products that they use in 
their attack of wood. 
White-rot fungi are the only microorganisms known to be able to completely depolymerise 
and mineralise lignin, which is transformed into water and carbon dioxide, leaving behind 
a white residue that is mostly composed of cellulose (Hatakka and Hammel, 2011; Xie et 
al., 2014). The majority (more than 90%) of the wood-rotting basidiomycetes indeed belong 
to the white-rot group (Gilbertson, 1980). This lignin degrading ability is due to the 
production of a particular group of extracellular enzymes, the class II peroxidases, which 
are lignin, manganese and versatile peroxidases, and laccases (Makela et al., 2014; Riley et 
al., 2014; Pollegioni et al., 2015), which can oxidise lignin. However, a single species does 
not express all these types of enzymes, but only a subset (Ahmad et al., 2010). The 
mechanism they use to digest the non-lignin fraction of the wood is mainly through 
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enzymatic attack, and they indeed produce many cellulases. Some white-rot fungi have also 
reported to express a wide range of LPMO enzymes (Busk and Lange, 2015). A further class 
of accessory enzymes, such as cellobiose and glucose dehydrogenases, quinone reductases, 
ary-alcohol dehydrogenases and oxidase, and glyoxal oxidase is involved in lignin 
degradation in white-rot fungi, playing an accessory role to the lignin peroxidases by 
serving as electron donors for the formation of free radicals that attack the lignin (ten Have 
and Teunissen, 2001; Xie et al., 2014). These enzymes are important because the large size 
of the primary enzymes prevents them from penetrating the plant cell wall structure (Cragg 
et al., 2015).  
Brown-rot fungi, on the contrary, are only able to modify lignin (producing a brown residue) 
and cannot degrade it completely, in contrast to white-rot fungi (Floudas et al., 2012). They 
produce only few carbohydrate active enzymes (CAZymes) and they use Fenton chemistry 
to cleave internal glyosidic bonds (Jensen et al., 2001; Xie et al., 2014). This radical 
chemistry system is unique in nature and is very efficient, allowing brown-rot fungi to 
exploit certain ecological niches such as coniferous forests (Cragg et al., 2015) and man-
made wooden structure (Eriksson et al., 1990). Brown-rot fungi attack the hemicellulose 
fraction first, then the cellulose, and what it left at the end is a polymer containing aromatic 
rings, which derives from the original lignin (Hatakka and Hammel, 2011). 
Soft-rot fungi are not effective wood degraders such as white-rot, but they can colonise 
environments difficult for other types of fungi, such as hot, cold or wet ecosystems (Nilsson 
and Daniel, 1989). They can also attack woods containing high levels of compounds difficult 
to digest, such as tannin and suberin (Vane et al., 2006). Their method of attack is by 
growing their hyphae in the lumen of the cells and then forming holes in the secondary cell 
wall (Hatakka and Hammel, 2011). They have a negligible effect on lignin, which remains 
largely unmodified (the knowledge on the enzymes they use is limited), but they produce 
a wide range of cellulolytic enzymes which allows them to make use of the wood 
carbohydrates (Cragg et al., 2015). 
 
1.2.3 Protista 
A few unicellular eukaryotic organisms are known to produce enzymes that can degrade 
cellulose and hemicellulose. The genome of the oomycete Phytophthora parasitica was 
analysed with bio-informatic tools to discover genes encoding for both cellulases and 
hemicellulases belonging to the GH families 1, 5, 6, 7 and 10 and to the LPMO families AA9 
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and AA10 (Blackman et al., 2014). These genes allow the pathogen to penetrate into the 
plant cell wall during the infection process and are not related to lignocellulose digestion 
for nutritional purposes. Similarly, the dinoflagellate Alexandrium catenella produces a 
cellulase that allows it to break down cellulose, but the role is related to cell division (Toulza 
et al., 2010), while the photoheterotrophic chlorophyte Chlamydomonas reinhardtii uses 
an endogenous endoglucanase to digest cellulose in the absence of other carbon sources 
(Blifernez-Klassen et al., 2012). Recently, multiple species of protists in termite guts have 
been identified as able to phagocytose and digest wood particles. The enzymes responsible 
for this task are stored into their cell vacuoles and belong to different classes of cellulases 
and hemicellulases (Brune, 2014).  
 
1.2.4 Terrestrial invertebrates 
Many insects are able to utilise plant material to complement their diets, but some can 
actually live on lignocellulose as their only food (Sun and Scharf, 2010). These xylophagous 
insects have established a symbiosis with microbes (bacteria, archaea, fungi and protista) 
that live in their digestive system in order to digest the wood they feed on (Shi et al., 
2013a). Members of the orders Dictyoptera, Isoptera, Orthoptera, Coleoptera, Lepidoptera 
and others are known to be able to degrade lignocellulose, for a total of more than 20 
families; these include beetles, roaches, wood wasps, silverfish, leaf-cutting ants and 
others, but the group that is the most well described and most efficient is that of the 
termites (Figure 1.5) (Sun and Scharf, 2010). Indeed, termites can metabolise up to 99% of 
cellulose and 87% of hemicellulose, and are therefore key organisms in the carbon cycle 
(Xie et al., 2013).  
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Figure 1.5. Cellulose digestion capability in some insects. The table shows the percentage of cellulose that is 
digested in different groups of insects. Data were obtained by comparing cellulose contents in food and 
faeces. Figure adapted from Xie at al. (2013). 
 
The microbiota found in the termite digestive system produces cellulases and 
hemicellulases belonging to at least 45 different CAZy families, of which GH5 are the most 
abundant (Warnecke et al., 2007). It was thought that the digestion of lignin depended 
mainly on enzymatic reactions, but recent studies suggest the involvement of oxidative 
chemistry (Taprab et al., 2005; Geib et al., 2008). Some species of termites are classed as 
“higher” termites – to distinguish them from the “lower” ones - because they have 
established a symbiosis with fungi. These Termitomyces fungi enhance the efficiency of 
lignin degradation and therefore enable the termites to access and metabolise more 
carbohydrates (Warnecke et al., 2007). It was originally thought that the digestion of 
lignocellulose in termites was only performed by the symbionts. However, in 1998 
Watanabe and colleagues showed that the termites themselves are able to produce some 
cellulases, mainly belonging to the CAZy families GH9 and GH1 (Watanabe, 1998).  
Endogenous cellulases, mainly endo-glucanases and β-glucosidases, are produced also by 
other terrestrial invertebrates that lack large digestive gut chambers to harbor symbionts, 
such is the case for some nematodes, gastropods, crustacea and anellidae (Yokoe and 
Yasumasu, 1964; Nozaki et al., 2009; Milatovič and Štrus, 2010; Bui and Lee, 2015; Cragg et 
al., 2015). 
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1.2.5 Marine invertebrates 
Marine bivalves are filter feeders, and were once believed to leave uneaten the cellulose 
fraction of suspended matter. However, it has recently been shown that quite the opposite 
is true, as bacteria in their digestive system have a very active role in the digestion of 
biomass and enable these molluscs to utilise the abundant lignocellulose material that is 
brought in the sea by river estuaries (Sakamoto et al., 2007; King et al., 2010). Further 
research has highlighted that some bivalves like the blue mussels Mytilus edulis (Xu et al., 
2001), the abalone Haliotis discus hannai (Suzuki et al., 2003), and some gastropods such 
as Ampullaria crossean (Wang et al., 2003) and Aplisia curodai (Tsuji et al., 2013) produce 
endogenous cellulases and, therefore, do not rely entirely on symbiotic bacteria for 
cellulose degradation.  
A group of marine bivalves that is very well known for its wood-digesting ability is that of 
shipworms, of which Lyrodus pedicellatus – subject of this work – is a member. The caecum 
of shipworms appears to harbour very few microbes (Betcher et al., 2012), while 
endosymbiotic bacteria able to produce CAZymes have been found in bacteriocytes located 
in the shipworm’s gills (Distel et al., 2002a), although the bacteria reside quite at a distance 
from the caecum, the main site of lignocellulose digestion. The role that these bacteria play 
in wood digestion is not clear, and neither is the extent to which the shipworm itself 
produces enzymes for the degradation of the wood it feeds on. Shipworms are discussed 
in detail in section 1.3. 
Other marine animals are well known for their ability to bore and ingest wood and, 
together with the shipworms, are colloquially called “wood borers”. Evidence of their 
feeding habits date back to the Jurassic (Vahldiek and Schweigert, 2007) and they are 
considered both pests, as they destroy man-made wood structure like boats, pier and dykes 
(Si, 2000; Distel et al., 2011), but also beneficial, because of their highly efficient wood-
turnover ability (Distel, 2003). Among the wood borers, the crustaceans belonging to the 
genus Limnoria (order Isopoda) are fascinating, since their digestive tract is completely 
sterile and are able to feed on wood utilising their own endogenous enzymes, without 
depending on bacteria (King et al., 2010). These crustaceans probably use free radical 
chemistry to modify the lignin and render the cellulose accessible to glycosyl hydrolases, 
which have been identified as belonging to many families, mainly 5, 7 and 9 (King et al., 
2010; Kern et al., 2013). Hemocyanins are proteins found in abundance in their 
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hepatopancreas, suggesting that they are the generators of the free radicals used for the 
oxidative attack of lignocellulose (King et al., 2010).  
 
1.2.6 Vertebrates 
Herbivores are animals adapted to eat plant material, the group including numerous 
vertebrates. Ruminants are the classic example, since they have evolved to specifically feed 
on grass. However, they are not themselves able to produce the enzymes needed for 
lignocellulose digestion, but like other NBUS they rely on a symbiosis with microbes that 
live in their digestive tract, which includes bacteria, archaea, fungi and protozoa (Xie et al., 
2014). Hundreds to thousands of species are present in the rumen at one time, each one 
of them producing various types of lignocellulolytic enzymes, making the system very 
difficult to study and reproduce (Weimer, 2013). The main hindrance to studying these 
enzymes is caused by the fact that only a small percentage of the microbes can be 
cultivated (Stewart, 2012; Pham and Kim, 2012). Furthermore, even with successful 
cultivation, the individual enzymes are not always possible to be separated from the 
mixture or expressed for characterisation (Taupp et al., 2011). These enzymes can be found 
both on the microbes’ cell surface or are secreted extracellularly (Dodd et al., 2010) and 
are characterised by containing many carbohydrate binding modules (Cantarel et al., 2008).  
Certain terrestrial herbivorous vertebrates, such as beavers and porcupines, can actually 
eat wood (not just plant material). However, it is not clear the extent of their xylophagy 
and whether they have to complement their diet with other types of food (Vispo and Hume, 
1995). In the aquatic environment the catfish Panaque nigrolineatus is known to ingest 
wood as part of its herbivorous diet (up to 70% of the gut content) and it has been 
discovered that the wood is actually digested with the help of a microbial community found 
in its gastrointestinal tract. This microbiome is composed of various species of bacteria and 
fungi (Watts et al., 2013; Marden et al., 2017) and it is thought to complement the wood 
diet by fixing atmospheric nitrogen (McDonald et al., 2012), similarly to what happens in 
shipworms (see section 1.3.3).  
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1.3 The wood boring bivalves 
 
The superfamily Pholadacea includes some of the most fascinating and specialised of all 
bivalve molluscs, those that can live in and eat wood and are therefore colloquially called 
wood borers. This group of bivalves is divided in two separate but closely related families, 
the Pholadidae (or piddocks) and the Teredinidae (or shipworms) (Distel, 2003). Members 
of the Pholadidae family have close resemblance to typical bivalves, but can burrow inside 
a variety of hard substrates, which include wood but also peat, stone, mud, clay, other 
molluscs’ shells, coral, sand and even plastic (Jenner et al., 2003; Distel et al., 2011; Paalvast 
and van der Velde, 2013). Grinding into the substrate is performed by specialised shells 
containing external abrasive spikes (Purchon, 1955), but nutriment is not obtained from 
the substrate but from organic material suspended in the water (Turner, 1955). The 
Teredinids (members of the Teredinidae family), on the contrary, are obligate wood borers 
(with the exception of the genders Kuphus and Zachsia), which have evolved the 
remarkable ability to utilise the sugars in the wood for their nutrition (Dore and Miller, 
1923). Some species are able to live on a diet of only wood (Becker, 1959; Gallager et al., 
1981), though the majority of the species alternate filter feeding to wood boring (Morton, 
1970; Paalvast and van der Velde, 2013). They only resemble classical bivalves while in the 
larval stage, but once they find suitable wood they grow into adults by undergoing a major 
metamorphosis, which sees the body elongating while the shells not growing at the same 
rate, resulting in an animal with a vermiform shape, hence the name of “shipworm” 
(Turner, 1966). Adult specimens can grow from few millimetres to almost two meters in 
lengths, and several centimetres in diameter, depending on the species (Distel et al., 
2002a).  
The rest of this chapter will focus on the Teredinidae family only, since it is the one that 
includes the shipworm Lyrodus pedicellatus, species under study for this PhD thesis. 
 
1.3.1 Distribution, ecological role and economic impact of the Teredinidae 
Shipworms can be found worldwide, from tropical to temperate areas, excluding only the 
Polar Regions (Turner, 1966; Saraswathy and Nair, 1971; Borges et al., 2012). They are 
distributed across the seas, but they are mainly located around the coastline, rivers mouths 
and mangrove forests (Bienhold et al., 2013). They mainly inhabit shallow waters, but can 
live up to 200-700 meters deep (Bartsch, 1927; Roch, 1940; Distel et al., 2011); some 
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species have been retrieved alive from 7,488 meters of depth, but colonisation had 
probably occurred prior to the wood sinking (Turner, 1966). Wood boring bivalves living at 
depths of up to 5,000 meters belong to the Pholadidae family only, which represents the 
deep-sea version of the Teredinids (Voight, 2007). Shipworms can colonise floating, fixed, 
submerged and living wood like that of mangrove trees (Distel et al., 2011), and the 
environmental factors that control their distribution are mainly temperature, salinity, 
oxygen concentration and wood presence (Turner, 1966; Borges et al., 2014). However, 
many species can tolerate a broad fluctuation of these parameters, and a few species are 
adapted to brackish waters and even freshwater, like Nausitoria hedlei and Psiloteredo 
healdi (Turner, 1966).   
The Teredinidae are important organisms in both marine and estuarine ecosystems, 
because of their role in the carbon cycle, which involves unlocking the organic carbon 
contained in wood and redistributing it in the environment (Lopes et al., 2000). Indeed, it 
has been established that in mangrove systems they account for 70% of the wood turnover 
(Distel, 2003) and that they can cause the loss of 90% of the weight from mangrove trunks, 
triggering their eventual collapse (Nair and Saraswathy, 1971; Cragg, 2008). Their ability to 
digest wood is linked to their evolution, the first shipworm fossil ever recorded belonging 
to the lower Cretaceous (Hatai, 1951), which corresponds to the evolution of woody plants 
and in particular of salt-tolerant ones. Wood was initially exploited for protection, and it 
likely became a source of nutrition only in second instance (Turner, 1966; Turner, 1971a).  
Shipworms are not selective when it comes to the timber to attack, indeed they colonise 
man-made wooden structures such as pier, boats, navigation poles, dock, buoys, floats and 
even coconuts shells (Turner, 1966; Nair and Saraswathy, 1971; Distel et al., 2011), hence 
the name of “termites of the sea” (Turner, 1966). The first accounts of shipworm damage 
date back to Pliny, Ovid, Aristophanes and Homer, and the Dutch naturalist Sellius in the 
early 18th Century wrote some of earliest scholarly writings on shipworms, which is not 
surprising since the Netherlands coast at that time was shielded by a large number of 
wooden dykes, which would have been riddled by shipworms (Nair and Saraswathy, 1971; 
Distel, 2003). Many famous exploration voyages were plagued by the presence of 
shipworms in the wooden ships, as reported in accounts by Cook, Drake and Columbus 
(Turner, 1959). The latter reported infestation so extensive during its fourth trip to the 
Americas in 1502, that the crew was eventually left stranded in Jamaica (Scofield, 1975).  
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There is no estimation of the economic damage caused by shipworms in European waters; 
however, they are considered to be the cause of billions of dollars damage worldwide each 
year (Distel et al., 2011). The Ballast Water Management Convention in 2004 estimated 
that Teredinids destruction accounts for millions of Euros loss each year in Germany alone, 
for example. In the Venice lagoon (Northern Italy), wood is still utilised for boats and many 
maritime structures, including more than 22,000 navigation poles called briccole, 
thousands of which have to be substituted each year due to damage cause by shipworms 
(and other crustacean wood borers), generating great economical loss (Schröder, 2016). 
Despite the use in present days of metal and fibreglass instead of wood in most boats 
(Cobb, 2002) and of anti-fouling chemical treatments (Distel, 2003), the problem created 
by Teredinids’ damage is still extensive, particularly in developing countries and also 
considering that some chemicals used for wood protections are highly polluting and 
therefore have been regulated in Europe, North America and Asia (Distel, 2003; Borges et 
al., 2008). 
 
1.3.2 Xylotrophy versus filter feeding 
The ability of the Teredinids to use wood as a food source (xylotrophy) has been speculated 
upon since 1733, when Sellius first described the species Teredo navalis and wondered 
whether its wood boring skills were coupled with the ability to digest lignocellulose. For 
long time the main opinion remained that the wood passed out of the body without being 
digested, while only plankton was used for nutrition, though some authors at the beginning 
of the 20th Century started suspecting that the wood might be a complement to the filter 
feeding diet (Sigerfoos, 1908; Moll, 1914; Calman, 1919). The general consensus started 
changing in 1921, when Harington highlighted the cellulose degrading properties of the 
digestive glands of Teredo norvegica. Soon after Potts (1923) observed wood fragments in 
the digestive glands of T. navalis and also debated their role in the shipworm nutrition. 
Dore and Miller (1923) studied the composition of wood before and after ingestion by T. 
navalis and noted that most of the cellulose was consumed by the shipworm, together with 
part of the hemicellulose, concluding that those carbohydrates are probably utilised as 
food. Since then, numerous authors have studied the ability of the Teredinids’ digestive 
tract to digest various polysaccharides (Nair and Saraswathy, 1971), and the fact that 
shipworms can digest wood is now a well-known and accepted phenomenon.  
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Shipworms are known to alternate wood boring and ingestion with filter feeding, which is 
the ability to extract phytoplankton from the water (Morton, 1970; Paalvast and van der 
Velde, 2013). Filter feeding is a characteristic of the majority of bivalves, the class of 
molluscs the shipworms belong to. In the Teredinids the water is pumped into the body 
cavity by the inhalant siphon, and is drawn over the gills by a current created by the ciliated 
epithelium. While passing over the ctenidia (synonym of gills), the suspended food is 
captured by a layer of mucus, and is then transported to the mouth and from there to the 
rest of the digestive system. The water then leaves the body using the exhalant siphon, 
taking with it the digested food expelled from the anus.  
Wood boring and filter feeding are mutually exclusive: the shipworms cannot bore into 
wood when they are eating suspended matter, and vice-versa (Morton, 1970). Therefore, 
when both food sources are available, they alternate the two processes, retracting the 
siphons and sealing their burrow with the pallets when feeding on wood (Shipway, 2013). 
According to some authors, shipworms can survive by eating phytoplankton only, once the 
wood they have been feeding on is completely exhausted (Bartsch, 1922; Johnson et al., 
1936). The length of the ctenidia has been related to efficiency of filter feeding and the 
extent to which they are dependent on this type of nutrition, with species having the largest 
gills being described as completely reliant on phytoplankton. However, both these 
concepts have been challenged by many authors (Potts, 1923; Roch, 1932; Lane, 1955; 
Becker, 1959), and at present other combined anatomical characteristics are used to 
demonstrate adaptation toward xylotrophy or filter feeding, such as caecum size, intestine 
length and digestive gland specialisation (Shipway, 2013). 
While it has been known that shipworms digest the lignocellulose and use its sugars for 
nutrition, the debate is still open on whether they can live on a diet of wood only for 
prolonged periods when suspended food is not available. It was originally thought that this 
was not possible, since the wood is nitrogen-poor (Hungate, 1940; Cowling and Merrill, 
1966) and lacks in certain amino acids such as phenylalanine, tyrosine, proline and valine 
(Nair and Saraswathy, 1971), and their only source could be found in protein-rich 
phytoplankton. Indeed, species such T. furcifera (Karande et al., 1968) have never been 
successfully reared on a diet of just wood, and the same was initially true for T. navalis 
(Becker, 1959). However, some authors reported on the ability of some shipworms to live 
on wood only, as did Becker (1959), who was able to nurture L. pedicellatus for four 
generations in artificial sea water without any phytoplankton supplement. More recently, 
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Gallager and colleagues (1981) grew specimens of the same species for four months on 
either phytoplankton-free or phytoplankton-enriched water, noticing no significant 
difference in the animals’ growth and metabolism. A similar result was obtained with T. 
navalis, which was grown on fir panels for 232 days in filtered water in the presence or 
absence of the planktonic alga Isochrysis galbana (Mann and Gallager, 1985). Gallager et 
al. (1981) concluded that L. pedicellatus must have a mechanism that allows it to conserve 
nitrogen, as very little appeared to be lost during the experiment. They also stated that the 
wood itself is not the likely the only origin of the shipworm nitrogen, as its levels are too 
low to justify the amount found in the animals; hence they must have the ability to 
complement their diet with other nutritional sources. This was also recently confirmed by 
stable isotopes analysis of three species of shipworms (including L. pedicellatus) in the 
Venice lagoon, which highlighted that while the animals rely on both xylotrophy and filter 
feeding, the latter is most likely the main source of nitrogen, with the endosymbiotic 
bacteria (see next section) having a minor input (Schröder, 2016). This is in contrast with a 
previous finding obtained by the stable isotopes method, which observed that the nitrogen 
source for shipworms found in sunken wood in Japan is not likely to be neither the wood 
nor the suspended particles, while they suggest that the endosymbiotic bacteria provide 
the major nitrogen supply by nitrogen fixation (Nishimoto et al., 2009). This though can be 
explained by the different habitat where the studied shipworms came from, as deep-sea 
wood borers might have different feeding behaviours to those of the intertidal zone. More 
recently a study of T. navalis showed that this species relies more on filter feeding rather 
than wood consumption (Paalvast and van der Velde, 2013) and work performed on B. 
carinata showed that most of the carbon is derived from wood carbohydrates, while up to 
82% of nitrogen from N2 fixation (Charles et al., 2018). The debate is, therefore, still open, 
and it might be possible that the overall feeding strategy is not uniform throughout the 
different shipworm species and the different habitats they live in, with species such as L. 
pedicellatus having a preference for wood and other for phytoplankton, as is the case of T. 
navalis.  
Despite being poor in nitrogen and amino acids, wood is a very good food source as it is 
extremely rich in carbohydrates. The shipworm’s ability to digest the wood’s 
carbohydrates, coupled with the ability to convert its sugars into fat and to store high 
quantities of glycogen (Potts, 1923), allows them to use this rich resource to sustain the 
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energy-sapping wood boring activity and the extreme rapid growth, a feature of the 
Teredinids (Dore and Miller, 1923).  
 
1.3.3 The symbiosis between shipworms and bacteria 
In 1848 Gérard Paul Deshayes, a French geologist and conchologist, noted the presence in 
the Teredinids gills of some glandular-like structures, which he hypothesised to be involved 
in the secretion of substances used for the nutrition of the embryos developing on the gills. 
These structures (Figure 1.6) were later called “Glands of Deshayes” by Sigerfoos (1908), in 
honour of the first observer, but he could not produce an educated guess on their function.  
 
Figure 1.6. Location of the bacteriocytes found within the Gland of Deshayes in the gill’s lamellae of L. 
pedicellatus. A. Light microscopy (Distel et al., 1991) and B. confocal microscopy (Betcher et al., 2012) pictures  
of gills sections showing multiple gill filaments containing bacteriocytes. The bacteriocytes are in dark 
coloration in A, while in B they appear in bright orange due to fluorescence obtained by hybridisation with 
bacteria 16S rRNA directed oligonucleotide probes. 
  
We had to wait until 1973 for the discovery in Bankia australis that the alleged gland was 
instead a region of the gills containing vast numbers of gram-negative bacteria, which the 
authors showed by electron microscopy and appeared to live in symbiosis with the 
shipworms (Figure 1.7) (Popham and Dickson, 1973). 
40 μm 
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Figure 1.7. Bacteriocytes containing bacteria in Bankia australis. A. Electron microscopy image of a gill lamina 
section, showing one bacteriocyte (2,250x). B. Higher magnification of the square from picture A, showing 
tightly packed bacteria (33,000x). Picture taken from Popham and Dickson (1973). 
 
Soon after this discovery, Carpenter and Culliney (1975) were able to demonstrate that 
nitrogen fixation (the conversion of atmospheric nitrogen into ammonia) is associated with 
four different shipworm species, including L. pedicellatus, and that the rate of fixation is 
inversely correlated to filter feeding capabilities, therefore it is higher when less nitrogen 
is available. The nitrogen is then transported into the shipworms tissues and used for their 
metabolism, to complement the nitrogen-poor wood diet (Waterbury et al., 1983; Lechene 
et al., 2007). Nitrogen fixation was thought to be associated with bacteria found in the 
caecum (Carpenter and Culliney, 1975), though we now know that the caecum is almost 
devoid of bacteria and that those that are able to fix nitrogen are instead found in the gills 
(Betcher et al., 2012). In 1983, the link between the bacteria found in the gills and the ability 
A 
B 
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to fix nitrogen was finally demonstrated by isolating in pure culture bacteria extracted from 
the gills (Waterbury et al., 1983). The bacteria were also shown to be able to digest 
cellulose and other carbohydrates and they were thought to allow the shipworm to utilise 
wood for its diet. They were described as proteobacteria, gram-negative, aerobic, 
chemoheterotrophic, obligate marine symbionts and they were found in five species of 
shipworms, suggesting that the relationship is widely spread among Teredinids. The 
bacteria are hosted in specialised shipworm cells called bacteriocytes (Distel, 2003), which 
can contain hundreds of symbionts, an arrangement that is found in other symbiosis 
(Baumann et al., 2006). 
The symbionts were thought to belong to a single, new species of bacterium, distinct from 
other known bacterial genera, a result that was confirmed by in situ hybridisation and qPCR 
in L. pedicellatus (Distel et al., 1991). These bacteria, called Teredinibacter turnerae (Figure 
1.8), were isolated and described in 24 different shipworm species in 2002 (Distel et al., 
2002b) and their activity was shown on different carbohydrate substrates. Further studies 
revealed that there is actually not only one species of bacteria in the shipworm’s gills, but 
that endosymbionts of many species cohabit the same host, all closely related but distinct 
gamma proteobacteria (Distel et al., 2002a), giving the picture of a symbiosis more complex 
than previously thought. In recent years it has been shown that this symbiosis is indeed 
more multifaceted, since various papers have presented evidence that these 
endosymbiotic bacteria do not just provide the shipworm with nitrogen and 
lignocellulolytic enzymes, but they are also involved in the production of antibiotics 
(Elshahawi et al., 2013; Han et al., 2013) and of secondary metabolites that are beneficial 
to the host, such as  polyketides, peptides, lipopeptides and other bioactive compounds 
(Haygood et al., 2015; Brito et al., 2018). 
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Figure 1.8. The bacterium Teredinibacter turnerae, strain T7902T, isolated from the gills of L. pedicellatus. A. 
Phase-contrast light picture of the bacteria. B. Negatively stained transmission electron microscopy picture 
of one bacterium, showing the single polar flagellum. Picture taken from (Distel et al., 2002b). 
 
1.3.4 The transport of the bacterial enzymes 
The symbiosis that allows complex animals to make use of abundant carbohydrate sources 
such as wood or grass through the association with microorganisms is widespread in nature 
and found in both vertebrates and invertebrates, as outlined in section 1.2. However, the 
particular symbiosis between shipworms and bacteria is unique, since the symbionts are 
not found within the digestive tract, but in an organ that is part of the respiratory system, 
the gills (Waterbury et al., 1983). The endosymbiotic bacteria found in the gills produce a 
range of lignocellulolytic enzymes that are translocated to the caecum, where they are used 
to digest the wood that has been pulverised by the grinding action of the shells. Only 11% 
of the bacterial gills proteome is made up of lignocellulolytic enzymes, while they represent 
almost the entirety of the caecum microbial proteome (98%). This indicates that the wood-
degrading enzymes are selected from the other bacterial proteins before entering the 
caecum (O'Connor et al., 2014). This mechanism is thought to have evolved to keep the 
bacteria, which can feed on sugars, physically separated from the shipworm’s site of 
digestion and absorption, to keep competition between host and symbionts to a minimum 
(O'Connor et al., 2014). Indeed, it was demonstrated that the caecum is almost devoid of 
bacteria, which therefore are not feeding on the same food source as the shipworm 
(Betcher et al., 2012). 
5 μm 1 μm 
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The mechanism behind this selective transport of bacterial CAZymes from the gills to the 
caecum, as well as the physical path that the enzymes follow, is at present unknown. The 
bacterial CAZymes that are found in the caecum present a signal peptide for secretion 
outside the bacterial cells (O'Connor et al., 2014), which explains how they are excreted 
from the bacterial cell. However, it is unclear how these enzymes are secreted from the 
bacteriocytes, separated from other bacterial proteins and transported outside the gills 
tissue up to the caecum, an organ that is not physically adjacent. Some authors suggested 
that the transfer happens via a duct that connects the gills to the oesophagus, from which 
they could then easily reach the caecum. However, this duct, named Duct of Deshayes, was 
only once described in 1971 in the shipworm species Teredo furcifera, and only depicted 
by hand drawing (Saraswathy and Nair, 1971). Further work aimed at identifying the Duct 
of Deshayes by x-ray micro-computed tomography failed to show its existence in L. 
pedicellatus (Shipway, 2013).  
 
1.3.5 The shipworm Lyrodus pedicellatus 
1.3.5.1 Classification and distribution  
Shipworms belong to the phylum Mollusca, order Bivalvia, Superfamily Pholadacea and 
Family Teredinidae. They are divided into three subfamilies, six groups, 15 genera and 69 
species (as detailed in Table 1.1), whose systematic was reviewed and updated by Ruth 
Turner in 1966 in the comprehensive catalogue “A Survey and Illustrated Catalogue of the 
Teredinidae". However, shipworms are not simple to identify from morphological features, 
since shell morphology (which is used for identification for other molluscs and is used for 
shipworms instead of the pallets by non-specialist) varies greatly among single species and 
is similar among different ones (Borges et al., 2012; Voight, 2015). Furthermore the pallets 
are not always retrievable and can also be affected by different types of wood, 
environmental conditions and erosion (Cragg et al., 2009). Molecular tools (e.g. DNA 
barcoding) are now available alongside morphology-based identifications to help 
taxonomists in species identification, but this generates some confusion on the number of 
species that are recognised by different authors. Indeed, Treneman and colleagues (2018) 
recently reported the number of species being more than 70 and a new species, Lyrodus 
mersinensis, has been described in July 2018 on the base of molecular diagnostic characters 
only (Borges and Merckelbach, 2018).  
 
44 
 
Table 1.1. Classification of the Teredinidae family, based on morphological features (pallets and shells), 
anatomical characteristics and breeding strategies. The table is taken from Jones at al. (1976), based on 
Turner (1966) and two more species have been added from Calloway and Turner (1988) and from Turner and 
Yakolev (1983). The species Zachsia zenkewitschi belongs to a genus that was not described by Turner in 1966, 
therefore it is not listed under any specific subfamily nor into a numbered group. 
Subfamily Group Genus Species 
Kuphinae 1 Kuphus Kuphus polythalamia 
Teredininae 
2 
Bactronophorus 
Neoteredo 
Dicyathifer 
Teredothyra 
Bactronophorus thoracites (Linnaeus) 1767 
Neoteredo reynei (Bartsch) 1920 
Dicyathifer manni (Wright) 1866 
Teredothyra dominicensis (Bartsch) 1921 
Teredothyra excavate (Jeffreys) 1860 
Teredothyra smithi (Bartsch) 1927 
Teredothyra matocotana (Bartsch) 1927 
3 
Teredora 
Uperotus 
Psiloteredo 
Teredora malleolus (Turton) 1822 
Teredora princesae (Sivickis) 1928 
Uperotus clavus (Gmelin) 1791 
Uperotus rehderi (Nair) 1956 
Uperotus panamensis (Bartsch) 1927 
Uperotus lieberkindi (Roch) 1931  
Psiloteredo megotara (Hanley) 1848 
Psiloteredo healdi (Bartsch) 1931 
Psiloteredo senegalensis (Blainville) 1828 
4 Teredo Lyrodus 
Teredo aegypos (Moll) 1941 
Teredo bartschi (Clapp) 1923 
Teredo clappi (Bartsch) 1923 
Teredo fulleri (Clapp) 1924 
Teredo furcifera (von Martens) 1894 
Teredo johnsoni (Clapp) 1924 
Teredo mindanensis (Bartsch) 1923 
Teredo navalis (Linnaeus) 1758 
Teredo poculifer (Iredale) 1936 
Teredo portoricensis (Clapp) 1924 
Teredo somersi (Clapp) 1924 
Teredo triangularis (Edmonson) 1942 
Lyrodus pedicellatus (Quatrefages) 1849 
Lyrodus affinis (Deshayes) 1863 
Lyrodus floridans (Bartshc) 1922 
Lyrodus takonoshimensis (Roch) 1929 
Lyrodus medilobatus (Edmonson) 1942 
Lyrodus bipartitus (Jeffreys) 1860 
Lyrodus massa (Lamy) 1923 
 
Bankiinae 
5 Nototeredo 
Nototeredo norvagica (Spengler) 1792 
Nototeredo knoxi (Bartsch) 1917 
Nototeredo edax (Hedley) 1895 
6 
Spathoteredo 
Nausitora 
Bankia 
Spathoteredo spatha (Jeffreys) 1860 
Spathoteredo obtusa (Sivickis) 1928 
Nausitora dunlopei (Wright) 1864 
Nausitora hedleyi (Schepman) 1919 
Nausitora dryan (Dall) 1909 
Nausitora fusticula (Jeffreys) 1860 
Bankia anechoensis (Roch) 1929 
Bankia australis (Calman) 1920 
Bankia bagidaensis (Roch) 1929 
Bankia barthelowi (Bartsch) 1927 
Bankia bipalmulata ( Lamarck) 1801 
Bankia bipennata (Turton) 1819 
Bankia brevis (Deshayes) 1863 
Bankia campanellata (Moll and Roch) 1931 
Bankia carinata (Gray) 1827 
Bankia cieba (Clench and Turner) 1946 
Bankia destructa (Clench and Turner) 1946 
Bankia fimbriatula (Moll and Roch) 1931 
Bankia fosteri (Clench and Turner) 1946 
Bankia gouldi (Bartsch) 1908 
Bankia gracilis (Moll) 1935 
Bankia johnsoni (Bartsch) 1927 
Bankia martensi (Stempell) 1899 
Bankia nordi (Moll) 1935 
Bankia orcutti (Bartsch) 1923 
Bankia philippinensis (Bartsch) 1927 
Bankia rochi (Moll) 1931 
Bankia setacea (Tryon) 1863 
Bankia zeteki (Bartsch) 1921 
? ? Zachsia Zachsia zenkewitschi (Bulatoff and Rjabtschikoff) 1983 
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Lyrodus pedicellatus (Quatrefages, 1849), also known as the blacktip shipworm, belongs to 
the family Teredinidae, subfamily Teredininae, genus Lyrodus. It is found worldwide in 
tropical and warm-temperate waters. It was first described in Spain, but it is probably of 
Indo-Pacific origin, and it now colonises (after being introduced) areas such as South Africa, 
New Zealand, North America and Hawaii (Turner, 1966; Turner, 1971a). Recent genetic 
analysis suggests that the populations found in the Mediterranean Sea and in the Northeast 
Atlantic could actually represent two separate cryptic species (Borges et al., 2012; Borges 
and Merckelbach, 2018). In England, this species was introduced via ships’ hulls and 
thermal discharges (Coughlan, 1977), but it is now established in the English Channel, 
probably as a result of increased sea temperatures (Borges, 2007). 
 
1.3.5.2 General overview and ecology 
The overall body structure of L. pedicellatus is similar to that of other shipworms, with a 
long, naked, slender body presenting reduced shells protecting the head only (Figure 1.9). 
The body size can vary from a few centimetres to a maximum of 30 cm (Poutiers, 1998). 
The shells are covered on the dorsolateral anterior slope with abrasive denticles used to 
grind the wood, where this species excavates its burrow, which it lines with a calcareous 
tube for further protection. This tube is secreted by the mantle, a semi-transparent organ 
that covers the whole body. The posterior part of the body ends with two siphons utilised 
to pump water in and out of the body cavity, and two calcareous structures called pallets 
used to seal the burrow when the wood is not submerged in water and the siphons are 
retracted. This sealing technique allows the shipworms to survive for long times (up to a 
week) in adverse conditions. During these periods the gas exchanges are performed by 
diffusion through the mantle (Manwell, 1963) and nutriment is obtained from glycogen 
stores (Potts, 1923). 
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Figure 1.9. Overall body organisation of Lyrodus pedicellatus. A. Picture of the whole body of an adult 
specimen bearing larvae in the gills. The main organs visible before dissections are indicated. B. The rasping 
shells. C. The larvae contained in the gill’s pouches. D. The inhalant (bottom) and exhalant (top) siphons and 
one of the pallets.  
 
Colonisation of wood by this and other Teredinids species is not visible from the outside, 
and the presence of the animals can only be detected by the siphons protruding from the 
burrow’s opening when the wood is submerged, or by x-ray photographs (Figure 1.10). The 
larvae, as in other shipworms, undergo a major metamorphosis when they find a piece of 
wood to colonise. They attack the wood with their shells and, when the body starts to grow 
and elongate, the head remains immersed in the wood, extending the length of the tunnel, 
with only the siphons remaining near the burrow’s entrance.  
 
Figure 1.10. X-ray picture of a block of wood riddled with burrows containing L. pedicellatus. Picture curtesy 
of Elisabeth Clutton and Kirsten Farrell-Savage, Portsmouth University.  
A 
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1.3.5.3 Reproduction 
L. pedicellatus is a protandrous hermaphrodite (the male reproductive organs come to 
maturity before the females ones in the same individual) but is not able to self-fertilise 
(Eckelbarger and Reish, 1972). The sperm is injected by the males with the exhalant siphon 
into the females inhalant siphon to fertilise the eggs (internal fertilisation), which are then 
brooded in the gills in special pouches (Turner, 1966). In L. pedicellatus, a series of 
fertilisation events occur, therefore brooding of the larvae is asynchronous, meaning that 
there are different stages of development on the gills of the same individual (Cragg et al., 
2009). Once they have reached the pediveliger state (they are long-term brooders), the 
larvae (Figure 1.11) are released from the siphons and spend a maximum of 36 hours as 
plankton before finding a piece of wood, reason why dispersal can happen only by ships or 
driftwood (Lebour, 1946; Turner, 1971a; Calloway, 1982).  
 
 
 
Figure 1.11. Lyrodus pedicellatus larvae. A. Larvae free in the water column. B. Larvae that have just colonised 
a log of wood.  
 
Within two to three days, the larvae start to bore into the wood and their metamorphosis 
begins (Figure 1.12). Once the boring starts, the shells become more calcified and develop 
the denticles used for grinding, while the foot turns into a short organ only used for 
attachment to the wood. Sexual maturity is already reached after 10 weeks (Turner, 
1971a), allowing this species to colonies new areas very rapidly, given the favourable 
environmental conditions.  
B A 
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Figure 1.12. Lyrodus pedicellatus larvae settlement into the wood. A. The larvae are initially free-swimming, 
and once they find wood they start crawling and then the boring stage begins. B. Metamorphosis once boring 
has begun. Both sketches are taken from Nair and Saraswathy (Nair and Saraswathy, 1971) 
 
1.3.5.4 Digestive system anatomy  
Figure 1.13 presents a diagram of the principal organs of L. pedicellatus. In this section, we 
focus on describing the anatomy of the digestive system, because it is where wood is 
sorted, digested and absorbed, processes that are at the heart of this PhD thesis.  
 
Figure 1.13. Diagram of the shipworm L. pedicellatus. The figure presents the principle organs, which are of 
importance to this study. 
 
Gills 
The gills perform three different functions, and this is likely the reason why they are the 
biggest shipworm organ and can cover up most of the body length in certain species (Distel 
et al., 2011) (Figure 1.14). They carry out respiration and feeding, like in most of the 
bivalves, but in certain genera such as Lyrodus and Teredo they are also involved in 
brooding, as they host the larvae during their development (Turner, 1971b; Wurzinger-
Mayer et al., 2014). For this work, the respiratory and reproductive abilities will not be 
investigated further, and the gills are included in the discussion regarding the digestive 
system because of their involvement in both filter feeding and xylotrophy.   
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Figure 1.14. Light microscopy of the gills and food groove. A. L. pedicellatus diagram showing the anatomical 
position of the gills and food groove in the shipworm body. B. Image illustrating the gills (the brownish 
structures) on the right side and the food groove running along the lower portion of the caecum, which is 
pink sac on the middle top of the picture. 
 
The teredinds gills – also called ctenidia - have the typical eulamellibranch arrangement, 
which consists of the repetition of multiple units, the lamellae or gills filaments, stacked 
together along the length of the gills and hanging into the mantle cavity (Figure 1.15). The 
lamellae are made up of two demibranchs or hemi-ctendia (Figure 1.16A), which are v-
shaped and paired up at the ctenidal axis, to form the classical w-shaped structure. The 
demibranchs separate the mantle cavity into the infrabranchial and suprabranchial 
channels (Turner, 1966). The afferent and efferent branchial veins run along the ctenidial 
axis, near the branchial nerves (Gosling, 2015). On the peak of each v-shaped demibranch 
and along the length of the ctenidium is found a ciliated, mucous tunnel-like structure, the 
food groove (Figure 1.17) (Orton, 1912), which has a diameter of 50-60 μm, reducing 
toward to the anterior part of the gill (Shipway, 2013). There are two food grooves, one for 
each demibranch, which both extend after the end of the gills until the labial palps – 
running dorsally of the caecum - where they run alongside.   
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Figure 1.15. Shipworm gills. Diagram representing a transverse section of the shipworm body, showing the 
structure of the gills. The dotted lines represent the area where the food grove is found, and the arrows the 
direction of travel of the food particles. The red arrows indicate the location of the head and siphons, to give 
directionality to the drawing. 
 
When water, drawn into the mantle cavity by the action of the inhalant siphon, passes 
along the ctenidia, the cilia (Figure 1.16B) and the mucus capture the suspended food and 
draw it toward the food grooves, which ultimately have the function of transporting it 
towards the mouth (Morton, 1970). The so-called gland of Deshayes, where the 
bacteriocytes are found, covers the area of the lamellae up to the afferent branchial vein 
(Distel et al., 1991).  
Figure 1.16. Scanning electron microscopy of L. pedicellatus gills. A. Picture showing the gills lamellae 
arranged in two v-shaped hemi-ctenidia, which pair up and form a w-shaped structure. Magnification 160x. 
B. Picture zooming close to the lamellae to show the numerous cilia that capture food and draw it to the food 
groove. Magnification 2,000x. Pictures by Clare Steele-King.  
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Figure 1.17. Scanning electron microscopy of L. pedicellatus food groove. A. Picture showing the food groove 
running at the apex of the hemi-ctenidium and then continuing towards the mouth once the lamellae are 
finished. Magnification 114x. B. Picture zooming close to the food groove to show the numerous cilia and 
some mucus (most of which is lost during the fixing procedure). Magnification 1,020x. Pictures by Clare 
Steele-King and Simon Cragg.  
 
Caecum 
The caecum (Figure 1.18) is a long, cylindrical, blind sac connected to the posterior side of 
stomach and positioned horizontally at the end of the digestive system (Sigerfoos, 1908), 
and is found only in wood boring bivalves (Purchon, 1941; Betcher et al., 2012). 
 
Figure 1.18. Light microscopy of the caecum. A. L. pedicellatus diagram showing the position of the caecum 
in the shipworm digestive system. B. Image illustrating the caecum (the pink sac) with the intestine (white 
tube) wrapped around it. 
 
The caecum is filled with wood particles and its walls are lined throughout with a highly 
microvillar epithelium, with cilia also present close to the stomach opening (Bazylinski and 
B 
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Rosenberg, 1983). The internal wall surface is folded inwards in the ventral region along 
the full length of the caecum to form a structure called typhlosole, which is also covered 
with microvilli and has the function of increasing the surface area, thus enhancing food 
digestion (Sigerfoos, 1908; Betcher et al., 2012).  
The caecum was initially thought to have the only function of storing wood, to be used 
when the timber was exhausted or when the animal was not boring, and it was believed it 
lacked the ability of digestion and absorption and that these functions were instead 
performed by the stomach and intestine (Purchon, 1941; Morton, 1970; Saraswathy and 
Nair, 1971). However, the presence of large amount of wood, the ciliated epithelium 
(Greenfield and Lane, 1953), the existence of the typhlosole and the extensive 
vascularisation of its tissues are all elements indicating that the caecum function is that of 
digestion and absorption of lignocellulosic material (Bazylinski and Rosenberg, 1983; 
Betcher et al., 2012), as suggested by Sigerfoos in 1908.  
 
Digestive glands 
The adult shipworms have two separate digestive glands (Figure 1.19) projecting from the 
stomach and connected to it by ducts; the smaller one is found on the anterior part of the 
stomach, the bigger one is placed at the posterior end (Sigerfoos, 1908). They both have 
an almost spherical shape with a lobular appearance and are highly branched. Food 
particles are able to travel into the glands moved by the cilia found on the ducts epithelium 
(Potts, 1923). 
 
Figure 1.19. Light microscopy of the digestive glands. A. L. pedicellatus diagram showing the position of the 
digestive glands in the shipworm digestive system. B. Image illustrating the digestive gland, showing its 
“brown” and “white” portions, which are also named “excretory” and “digestive”.  
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As their name suggests, the digestive glands have an important role in the digestion of both 
plankton and wood in the shipworms (Morton, 1970). The first author who recognised this 
function was Potts, describing in 1923 the details of the glands anatomy in the species T. 
navalis. She was also the first one to explain the presence of two distinct histological areas 
in the posterior gland, which were previously noted by Sigerfoos but left unexplained. One 
portion, which was called “excretory” by Potts, is characterised by the presence of a thick 
layer of columnar cells and a many long cilia and has the classical function of an exocrine 
gland, namely to synthesise and release substances, in this case digestive enzymes. The 
other portion, named “digestive”, has quite a different histology, presenting short round 
tubules with thin walls and large amount of wood fragments in the lumen. This portion 
does not have a secretory nature, but instead is specialised in the intracellular digestion of 
wood, a characteristic peculiar to the Teredinids and probably associated with being able 
to digest wood (Potts, 1923). This unusual ability is performed by phagocytes, amoeboid 
cells found within the gland epithelium or free in the lumen (Figure 1.20). They are 
characterised by the presence of wood and the ability of projecting pseudopodia in the 
gland lumen in order to take up wood fragments into the cytoplasm (Potts, 1923). Morton 
suggests that not only the posterior gland, but also the anterior one presents the division 
into digestive and excretory portions (Morton, 1970), thought the latter was never 
observed during the dissections performed for this PhD thesis. 
 
Figure 1.20. The phagocytes of T. navalis. Drawing extracted from Potts (1923) representing the phagocytes 
containing wood fragments found in the digestive portion of the digestive glands. According to the author, 
the wood can be found within vacuoles in some of these cells. Magnification 1,000x.  
 
RNA extracted from the digestive glands of L. pedicellatus was sequenced (Shipway, 2013) 
and it revealed that around 5% of the glands transcriptome accounts for endogenously 
produced enzymes belonging to a range of glycosyl hydrolases classes, suggesting that it 
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has an important role in the production of enzymes for the digestion of wood, which are  
moved to the caecum where wood digestion takes place. 
 
Crystalline style 
The crystalline style is an organ found only in bivalves and in some gastropods. It is a 
gelatinous, acellular rod contained in and produced by an evagination of the stomach called 
crystalline style sac (Figure 1.21) (Mackenzie and Marshall, 2014). The anterior section of 
the style projects into the stomach and is in contact with the gastric shield, a chitinous 
structure at the back of the stomach (McQuiston, 1970). Cilia line the epithelium of the sac 
and make the style rotate and grind against the gastric shield, therefore consuming itself 
and realising the enzymes it contains (Judd, 1987). The role of the crystalline style is to help 
digestion by mechanically reducing the size of food particles, mixing digestive enzymes with 
them and redirecting the food to the right compartment (Nelson, 1917; Edmondson, 1920; 
Yonge, 1931; Lavine, 1946; Morton, 1952; Bailey and Worboys, 1960; Horiuchi and Lane, 
1966; Kristensen, 1972; Judd, 1987; Alyakrinskaya, 2001).  
 
 
Figure 1.21. The crystalline style. A. L. pedicellatus diagram showing the position of the crystalline style in the 
shipworm digestive system. B. Light microscopy picture of the crystalline style once the sac has been 
removed. C. Diagram of the style showing its position in the anterior digestive system. The ciliated epithelium 
lining the style sac causes the style to rotate and scrape against the gastric shield, releasing the enzymes it 
contains and creating a cord of mucus and food. The cilia also line the stomach and help sorting food particles 
by size and redirecting them to the stomach, digestive glands or cecum. 
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The style of bivalves is mainly composed of water, with 10-20% being proteins and 
carbohydrates (Mackenzie and Marshall, 2014). The exact nature of the style proteins has 
not been studied in detail, but the presence of mucin-like proteins has been reported by 
some authors (Nelson, 1917; Morton, 1952; Bailey and Worboys, 1960), as well as that of 
globulin and albumen (Nelson, 1917; Mackintosh, 1925). Enzymes such as amylase, 
maltase, laminarinase, β-glucosidase, β-glucanase, cellulase, fucoidanase, xylanase, β-
galactosidase, β-mannosidase and chitinase have been described in the style by various 
authors (Edmondson, 1920; Horiuchi and Lane, 1966; Coupin, 1900; Sova et al., 1970; 
Wojtowicz, 1972; Alexander et al., 1978; Smucker and Wright, 1984; Smucker and Wright, 
1986; Hameed and Paulpandian, 1987; Sakamoto et al., 2008; Xu et al., 2002; Mackenzie 
and Marshall, 2014).  
 
1.5 Aims of the project 
 
As already discussed, many examples can be found in nature of organisms that can digest 
lignocellulose. The shipworm is one such organisms, and the extensive damage that it can 
cause to wooden structures is an indication of the wide array of enzymes that it is equipped 
with. This project sets out to explore the shipworms’ mechanisms of wood digestion in 
detail, investigating the anatomical, physiological and molecular basis of wood digestion in 
the species L. pedicellatus. The final goal of this project is to gather in-depth knowledge of 
the processes that allow the shipworm, together with its gills endosymbionts, to break 
down wood and use it for nutritional purposes. This knowledge should address a series of 
questions regarding the nature, abundance, origin and movements of the lignocellulolytic 
enzymes utilised by this species for wood digestion. The information collected through this 
work could potentially be utilised both for the protection of man-made wooden structure 
from attack by shipworms and for the discovery of novel lignocellulosic enzymes to help 
the sustainable biofuel production industry. 
Chapter Three aims to identify the main organs that are involved in wood digestion and the 
physiology of the process, using microscopic techniques, enzymatic assays and SDS gel 
electrophoresis. In particular, the chapter will address the open question regarding the 
route followed by bacterial enzymes as they relocate from their site of production in the 
gills to the caecum, where they are used for wood digestion. The hypothesis proposed is 
that there is no duct between the gills and the caecum, that the food groove (a mucous 
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stream utilised by filter feeding molluscs to transport food particles from the gills to the 
digestive system) is the only genuine connection, and that this structure has been co-opted 
by shipworms for the movement of bacteria and their enzymes. The digestive glands will 
also be examined, with the aim of identifying and imaging phagocytes, amoeboid cells 
involved in intracellular wood digestion that have so far only been described by hand 
drawings. Wood and frass will be analysed in their different components (cellulose, 
hemicellulose, lignin, ash and silica), to identify the main source of nutrition for the 
shipworm. The caecum will be tested for its ability to degrade different types of 
carbohydrate substrates and to confirm the presence of wood and of a microvillar 
typhlosole. Finally, the crystalline style will be investigated, since it has been overlooked in 
shipworms to date. Its involvement in extracellular wood digestion and its enzymatic 
properties will be explored, as well as the fine structure of the sac that supports the rotating 
mechanism of the style and that is involved in the secretion of proteins. 
Chapter Four focuses on the transcriptomic and proteomic studies of the organs involved 
in wood digestion, with the aim of locating the sources of the endogenous and bacterial 
enzymes, as well as their final destination. The major genes and enzymes involved in wood 
digestion (as well as in immunity and sugar transport) will be investigated by the use of 
bioinformatics techniques, and the major CAZy classes will be identified. The premises for 
this study is the work of Shipway (2013). This work identified the digestive glands as the 
main organs where the endogenous wood-degrading enzymes are produced, and 
attributed only a limited role to the caecum. The hypothesis that the digestive glands are 
important for the production of proteins involved in immunity will be investigated, as the 
caecum has been reported to be almost bacteria-free (Betcher et al., 2012). Finally, the 
chapter will look into the involvement of the caecum in the transcription of glucose 
transporters, which are essential in the uptake of sugars resulting from the degradation of 
wood. 
Chapter Five will exploit the results from the transcriptomics and proteomics from chapter 
four to select some lignocellulosic enzymes for heterologous protein production, on the 
base of the enzyme abundance or transcript interest. The recombinant proteins produced 
in different types of host organisms will be purified and characterised to confirm the 
activity predicted with bioinformatics tools. Different carbohydrate substrates and 
environmental parameters such as pH, temperature and salinity will be tested to determine 
the enzymes preferences. 
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Chapter 2: Materials and methods 
 
2.1 Animal cultures  
 
2.1.1 Specimens acquisition and culturing 
Shipworms of the species Lyrodus pedicellatus from the Atlantic lineage (see section 2.1.4 
about species determination) were used for this work. Shipworm-infested wood composed 
of greenheart (Chlorocardium sp.) was initially collected from the pier of Portsmouth 
harbour, Hampshire, UK (50°47’47’’N, 1°01’48’’W). Larvae from the original wood were 
used to infest logs of Scots pine (Pinus sylvestris), which were kept in the laboratories of 
the Institute of Marine Science, University of Portsmouth, UK (Fig. 2.1). The tanks used to 
rear the animals measured 40x40x34 cm for a capacity of approximately 50 litres. The 
water was taken directly from the Langstone Harbour, Eastney, Hampshire, UK, using a 
flow-through system pumping approximately 10 litres per hour. The temperature was 
maintained constant at 15-18 °C using an Aquael Thermo-Precision electronic heater with 
a ATC-800+ microcomputer temperature controller, and it was kept aerated to prevent 
stagnation. Water salinity was kept constant at 34 PSU (Practical Salinity Unit) by using 
Perspex lids to cover the tanks and prevent evaporation.   
L. pedicellatus infested wood logs were sent to the University of York, UK (Fig. 2.1) for the 
retrieval of individuals for analysis that needed to be performed with fresh animals or that 
required flash freezing in liquid nitrogen. The wood panels were extracted from the water, 
wrapped with a damp cloth and shipped in insulated containers. On arrival at the University 
of York (maximum one day after dispatch) the wood was immediately immersed in either 
seawater collected at Filey harbour, Yorkshire, UK (54°12’39’’N, 0°16’60’’W) or in artificial 
sea water prepared at least 24 hours before (to allow chlorine to evaporate) with marine 
salts (Seachem), for a salinity of 34 PSU. The logs were kept in plastic tanks of 35x27x27 cm 
for a capacity of 25 litres, constantly aerated with an air pump (Boyu S-500), and the water 
was left at room temperature (around 20 °C). The shipworms were allowed to acclimatise 
for a few days before performing the dissections (Foster et al., 2010). 
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Figure 2.1 The tank set-up for the shipworm cultures at the Institute of Marine Sciences, University of 
Portsmouth (left) and at the University of York laboratories (right).  
 
2.1.2 Wood preparation and compositional analysis 
The Scots pine logs, measuring 15×10×2.5 cm, were prepared to host the shipworm by 
being impregnated in filtered seawater with a vacuum until waterlogged. They were then 
submerged in a flow-through tank for at least a month before being colonised by 
shipworms. 
 
Compositional analysis was performed comparing the wood extracted from the panels and 
the frass (faeces) produced by the shipworms. The wood was finely grinded using a Cyclone 
Mill (Retsch). The frass was collected daily from the tanks with a 10 ml pipette and dried at 
30 °C until all the moisture content was lost. Five different wood components were 
analysed: crystalline cellulose, hemicellulose (matrix polysaccharides), lignin, silica and ash 
content, following the protocols described below. The amount of the five components 
analysed were added together and the percentage of each fraction calculated from the 
total.  
 
2.1.2.1 Hemicellulose content 
The matrix polysaccharides (or hemicellulose content) were analysed using the 
trifluoroacetic acid (TFA) method (Foster et al., 2010). In detail, 5 mg of wood or frass (in 
five biological replicates) were put into a 2 ml screw cap tube and 500 μl of 2 M TFA were 
added to perform hydrolysis. They were flushed with argon to displace the oxygen and 
incubated for four hours at 100 °C, vortexing every hour. The samples were cooled and the 
TFA was evaporated in a speed vacuum concentrator (SPD131DDA, Thermo Scientific) at 
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55 °C for two hours. The pellet was washed twice with 500 μl of 2-propanol, dried, and TFA-
soluble sugars were removed in two extractions with 500 µl of dH20. The supernatant was 
collected into a new tube, while the pellet was used for the crystalline cellulose content 
analysis (section 2.1.2.2). The supernatant (100 μl) was filtered with 0.45 μm filters and it 
was analysed by High-Performance Anion-Exchange Chromatography (HPAEC) using the 
monosaccharide program (see section 2.1.2.6). Standards comprising of a mixture of nine 
monosaccharides (arabinose, fucose, galactose, galacturonic acid, glucose, glucuronic acid, 
mannose, rhamnose and xylose) each at 100 µM were analyzed in the same way as the 
samples.  
 
2.1.2.2 Crystalline cellulose content 
The crystalline cellulose content was analysed using the anthrone-sulfuric acid method 
(Foster et al., 2010). In detail, the pellets from section 2.1.2.1 were washed with 1.5 ml of 
dH20 and then three times with 1.5 ml of acetone (C3H6O). The pellet was dried overnight 
and was then hydrolysed by adding 90 μl of 72% (w/v) sulfuric acid (H2SO4) and incubating 
at 25 °C for four hours, mixing every 15 minutes. Deionised water (1890) μl of were added 
to reduce the sulfuric acid concentration and they were then heated at 120 °C for four more 
hours. After cooling, the samples were centrifuged at 10,000 rpm for five minutes and the 
glucose content of the supernatant was quantified using the colorimetric anthrone assay 
(Leyva et al., 2008) against a glucose standard curve. The samples (40 μl) were prepared by 
adding 360 μl of dH20 and 800 μl of anthrone reagent. The samples and glucose standards 
were incubated at 80 °C for 30 minutes before transferring 200 μl to an optical plate and 
measuring the absorbance at 620 nm.  
 
2.1.2.3 Lignin content 
The lignin content was quantified using the acetyl bromide soluble lignin (ABSL) method 
(Fukushima and Hatfield, 2001). In detail, 400 mg of finely grinded wood or frass (in five 
biological replicates) were put into a 2 ml tube, and 250 µl of freshly prepared 25% acetyl 
bromide solution (25% v/v acetyl bromide in glacial acetic acid) were added to break the 
phenol bonds. The mixture was heated at 50 °C for three hours, vortexed every 15 minutes, 
and cooled at room temperature. It was then transferred into a 5 ml volumetric flask and 
1 ml of 2 M sodium hydroxide (NaOH) was added, followed by 175 µl of 0.5 M 
hydroxylamine hydrochloride. After vortexing, the flask was filled up to 5 ml with glacial 
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acetic acid and mixed several times by inversion. Dilutions of 1 in 10 into glacial acetic acid 
were made, 1 ml of the solution was placed into a cuvette and the absorbance was 
measured at 280 nm against a blank of glacial acetic acid. The percentage of ABSL was 
measured using the following equation: 
% ABSL = [absorbance/(coefficient x path length)] x [(total volume x 100 %)/biomass 
weight)] x dilution,where the coefficient used was 18.21 (poplar wood). 
 
2.1.2.4 Silica content 
Finely grinded wood or frass (1 g) was pelleted (in five biological replicates) using a 10 tons 
manual hydraulic press (Specac) for two seconds. The pellets were analysed using a 
portable x-ray fluorescence spectrometer (P-XRF, Niton XLt 900 GOLDD Analyzer, Thermo 
Scientific) to determine the amount of silicon present (Reidinger et al., 2012). The pellets 
were scanned four times for each biological replicate, and a standard curve produced using 
certified reference materials was used to calculate the amount of silica.   
 
2.1.2.5 Ash content 
Wood or frass (1 g) was put in crucibles of known weight and placed in a convection oven 
at 600 °C for 24 hours. The samples were removed from the oven, cooled at room 
temperature and the weight was recorded. The ash content was determined with the 
following equation: 
% ash = 100 x (weight of crucible and ash – weight of crucible)/(weight of crucible and 
sample – weight of crucible). 
 
2.1.2.6 High-Performance Anion-Exchange Chromatography (HPAEC) 
The monosaccharide content of wood and frass was analysed via HPAEC using an ICS-3000 
PAD system with an electrochemical gold electrode, a CarboPac PA20 3x150 mm analytical 
column and a CarboPac PA20 3x30 mm guard column (Dionex). The protocol consisted in 
injecting 5 μl of sample and calibration standards and running them at a flow rate of 0.4-
0.5 ml/minutes at a constant temperature. Initial equilibration with 100% dH20 at 25 °C was 
followed by a linear gradient of 100% H2O to 99%-1% of dH2O-0.2 M NaOH in five minutes, 
then constant for 10 minutes, followed by a linear gradient to 47.5%-22.5-%-30% of dH2O-
0.2 M NaOH-0.5 M NaOH/0.1M NaOH in 7 minutes and then kept constant for 15 minutes. 
The column was re-equilibrated with 100% H2O for 10 minutes before injection of the next 
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sample after a wash with 0.2 M NaOH for eight minutes. The identification of the 
carbohydrates was performed by comparison with the retention times of the standards 
and was quantified by comparing the integrated peak areas of the samples to those of the 
standards. 
 
2.1.3 Specimen extraction and dissection 
The wood logs were opened by splitting them with a hammer and screwdriver, and the 
animals were then extracted from the calcareous lining with tweezers, washed with 
seawater, placed in seawater containing EDTA-free protease inhibitors (1% v/v, Thermo 
Scientific) and kept on ice until dissection to anesthetize them. The dissections were 
performed using a stereomicroscope (Leica MZ6) after removing the mantle to expose the 
organs, which were dissected using tweezers and a scalpel and preserved with different 
methods depending on the downstream analysis to be performed.  
 
2.1.4 Morphological and molecular species identification 
Species identification was performed during dissections using pallets characteristics as 
described by Turner (1971b). To confirm the morphological identification, molecular 
identification was obtained by extracting DNA from either the mantle or the siphon tissues. 
The total genomic DNA was extracted using the DNeasy Blood & Tissue Kit  (Quiagen) 
following manufacture’s protocol. The presence of DNA and its concentration and purity 
were determined by UV spectrophotometry using absorption at 260 nm. A 658 bp fragment 
from the 5’ end of the cytochrome oxidase subunit I (COI-5P) and a 345 bp fragment of the 
18S rRNA gene were amplified using primers and PCR set up as detailed in Borges et al. 
(2012). A longer fragment (1087 bp) of the 18S rRNA gene was also amplified to be able to 
distinguish L. pedicellatus from Teredo navalis, using the forward primer 5’-
ACCGTCCCTTGGTGCTCTTG-3’ and the reverse primer 5’-
TACCTTGTTACGACTTTTACGACCTCTAATCC-3’. The DNA fragments were cloned by ligation 
cloning into the vector pSC-B-amp/kan using the Blunt PCR cloning Kit (StrataClone), 
followed by white-blue screening of the transformed cells and confirmation by colony PCR 
of the presence of the inserted DNA fragment. The DNA sequences were determined by 
Sanger sequencing and were blasted against the GenBank database to confirm species 
identity.  
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2.2 Microscopy 
 
2.2.1 In vivo staining with x-cellobiose 
Shipworms were extracted from the wood and the mantle was removed in order to expose 
the main digestive organs. The animals were immersed in filtered seawater containing 
EDTA free protease inhibitors (1% v/v, Thermo Scientific) and x-cellobiose (5-Bromo-4-
chloro-3-indolyl β-D-cellobioside) in dimethylformamide (0.01% v/v). They were 
photographed using a stereomicroscope (Leica MZ6) at various time intervals for a total of 
four hours, to monitor for the appearance of blue coloration, to confirm the presence and 
distribution of active cellobiohydrolase activity.  
 
2.2.2 Light microscopy 
Shipworms were dissected and treated as for the in vivo staining (section above). Whole 
animals or single organs were photographed using a Leica M216F microscope mounted 
with a SPOT RT3 camera model 25.2 2Mp colour mosaic. Samples of the digestive glands 
were observed by placing a whole gland on a microscope slide and pressing the coverslip 
against it, to break the gland’s lobule open and release the phagocytes to be photographed. 
Semi-thin sections (0.5 µm) of gills tissue were cut from resin blocks prepared for TEM 
(section 2.2.3) and adhered to glass slides (SuperFrost. Thermo Fisher Scientific) before 
staining with toluidine blue (0.6% toluidineblue in 0.3% sodium carbonate). Both gills and 
digestive glands sections were observed using a Nikon Eclipse E600 microscope mounted 
with the same camera as above.  
 
2.2.3 Transmission electron microscopy 
Shipworms were extracted from the wood, the mantle was removed and gills, food groove, 
caecum, digestive glands and crystalline style were dissected. The organs were fixed for 1–
2 hours at room temperature in primary fixative (4% formaldehyde (w/v), 2.5% (w/v) 
glutaraldehyde in 100 mM sodium phosphate buffer pH 7.2) and washed in 100 mM sodium 
phosphate buffer pH 7.2 three times for 10 minutes. They were incubated in secondary 
fixative (1% osmium tetroxide in 100 mM sodium phosphate buffer pH 7.2) for one hour 
on ice. Samples were dehydrated through a graded ethanol series for 15 minutes each, 
followed by two washes of five minutes in epoxy propane. Samples were then infiltrated 
with a series of epoxy propane/Epon araldite (25%, 50%, 75% Epon Araldite with a 
63 
 
minimum of one hour at each stage, all at 30 °C), concluding with a minimum of two 
changes of Epon araldite resin over 24 hours at 30 °C, and polymerized at 60 °C for 48 hours 
in flat embedding moulds. Pale gold (70–90 nm) ultra-thin sections were cut with a Diatome 
diamond knife, using a Leica Ultracut UCT microtome, and mounted on hexagonal 200-
mesh nickel grids. Sections were post-stained with 2% (w/v) aqueous uranyl acetate for 10 
minutes, then with lead citrate for five minutes in a carbon dioxide-free chamber, and they 
were viewed using a FEI Tecnai 12 BioTWIN G2 TEM operating at 120 kV. Images were 
captured using AnalySIS software and a Megaview III CCD camera. 
 
2.2.4 Immunogold labelling 
2.2.4.1 Fixing, embedding and sectioning 
Embedding for immunogold labelling proved difficult and several attempts were made to 
allow resin infiltration and at the same time preserve antigenicity. Freshly dissected 
shipworm tissues (food groove, gills and caecum) were fixed with 4% paraformaldehyde, 
0.2% glutaraldehyde in sodium cacodylate buffer (0.2 M sodium cacodylate, 0.3 M sodium 
chloride, 2 mM calcium chloride, pH 7.4) on ice in a vacuum chamber for two hours, then 
on a rotator without vacuum for a further 12 hours at 4 °C. Samples were washed in 0.2 M 
sodium cacodylate buffer (three washes of twenty minutes each) and dehydrated through 
a graded ethanol series initially on ice (50%) and subsequently at -20 °C on a rotator (70%, 
90%, 100%) with 20 minutes at each stage and two changes of 100% ethanol. Ethanol was 
gradually replaced with LR Gold resin (1:2, 1:1, 2:1 resin:ethanol) with one hour at each 
stage, followed by three changes of 100% LR Gold resin, 12 hours each, all at -20 °C on a 
rotator. Tissues were embedded in closed gelatine capsules and polymerised with UV light 
at -20 °C for 24 hours, followed by 24 hours at -10 °C. Pale gold (70–80 nm) ultra-thin 
sections were cut with a Diatome diamond knife, using a Leica Ultracut UCT microtome, 
and mounted on hexagonal 200-mesh nickel grids. All immunolabelling steps were 
achieved by floating grids on droplets of reagent. Sections were incubated in blocker (3% 
BSA in PBS pH 7.0) for 30 minutes at ambient temperature before incubation with primary 
antibodies against the bacterial CAZyme LpsGH5_8 (see section 2.2.4.2 for details on 
antibodies production). They were diluted 1:100 in 1% BSA in PBS at 30 °C for one hour and 
washed with PBS at ambient temperature (three brief washes followed by three washes of 
ten minutes each). Sections were incubated in secondary antibody (goat anti-rabbit IgG 
conjugated to 10 nm gold), diluted 1:100 in 1% BSA in PBS for one hour at 30°C, followed 
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by washes with PBS as before, and subsequently with ultrapure water. All immunolabelling 
procedures included negative controls of pre-immune serum (diluted 1:100 in 1% BSA in 
PBS) and buffer only (1% BSA in PBS). Sections were post-stained with 2% (w/v) aqueous 
uranyl acetate for 10 minutes, then lead citrate for five minutes in a carbon dioxide-free 
chamber and viewed using a FEI Tecnai 12 BioTWIN G2 operating at 120 kV. Images were 
captured using AnalySIS software and a Megaview III CCD camera. 
 
2.2.4.2 Antibodies production and purification  
The purified recombinant bacterial LpsGH5_8 (see chapter 5.4 for its cloning, expression 
and purification) was used (2 mg) to raise polyclonal antibodies in rabbits (ProteoGenix, 
France). To enrich the serum for antigen-specific antibodies, affinity columns were made 
using recombinant LpsGH5_8. Recombinant protein preparations were dialyzed against 
coupling buffer (0.1 M NaHCO3, 0.5 M NaCl, pH 8.3) and bound to CNBr-activated 
Sepharose™ 4 Fast Flow resin (GE Healthcare Life Sciences), followed by affinity purification 
of an aliquot of the crude antibody serum according to the resin manufacturer’s 
instructions. The pre-immune serum was subject to the same purification procedure. 
Purified antibody and pre-immune serum fractions were characterized for their affinity by 
western blotting using both recombinant LpsGH5_8 (Fig. 2.2) and L. pedicellatus caecum 
fluids (not shown). Fractions showing the highest titre and no unspecific binding were 
selected for immunogold labelling. 
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Figure 2.2. Western blot obtained by loading 6 μg of the recombinant purified bacterial LpsGH5_8 on a SDS-
polyacrylamide gel and transferring into a nitrocellulose membrane. The left picture shows the blotting 
performed with either the crude serum or crude pre-immune serum (PI), while the right one shows the same 
procedure performed with purified serum and PI. The serum or PI concentration was 1:100, while the 
secondary antibody (stabilized goat anti-rabbit IgG (H+L) peroxidase-conjugated antibodies from Pierce) 
concentration was 1:500. Protein visualisation was performed using the SuperSignalTM West Pico PLUS 
chemiluminescent substrate (Thermo Scientific) and using the Syngene PXi gel documentation imaging 
system. A signal for the crude and purified serum is seen between 35 and 55 kDa, which corresponds to the 
predicted molecular weight for LpsGH5_8, which is around 42 kDa without the signal peptide. No signal is 
seen for the pre-immune serum. 
 
2.2.5 Scanning electron microscopy 
Samples for scanning electron microscopy were fixed in 4% (v/v) glutaraldehyde in a 
cacodylate buffer (0.2 M sodium cacodylate, 0.3 M sodium chloride, 2 mM calcium 
chloride) for two hours at room temperature and then rinsed once in buffer for thirty 
minutes. Samples were taken through an ethanol dehydration series (50-70-100% ethanol 
and twice in 100% acetone, each stage for 30 minutes), critical point dried and then 
mounted on aluminium stubs using adhesive carbon tabs. Sputter coating was carried out 
under an argon atmosphere using a gold and palladium target, at a voltage of 1.4 kV using 
a current of approximately 18 mA for three minutes. Specimens were examined using a 
Zeiss MA10 Scanning Electron Microscope with an accelerating voltage of 20 kV and the 
Zeiss Smart software.   
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2.3 Transcriptomic analysis 
 
2.3.1 RNA extraction, clean up, depletion and quantification 
Gills, digestive glands and caecum were dissected from two adults L. pedicellatus, as well 
as crystalline style sacs from 38 animals (which were then pooled together), flash frozen in 
liquid nitrogen and stored at -80 °C. Total RNA was extracted using TRIzol Reagent (Thermo 
Fisher Scientific) by placing the samples in a 2 ml tube, adding 1 ml of TRIzol Reagent and 
homogenising the tissues with a sterilised Teflon pestle. The tubes were vortexed for 10 
seconds and incubated at room temperature for five minutes to allow dissociation of 
nucleoprotein complexes, and the lysate was flash-frozen in liquid nitrogen to disrupt the 
tissues further. After defrosting at room temperature, 200 μl of chloroform (CHCl3) were 
added, vortexed for 15 seconds and centrifuged at 14,000 g for five minutes at room 
temperature. The chloroform extraction was repeated with 500 μl and then the top phase 
was transferred to a fresh 2 ml tube and 10 μg of glycogen were added, followed by 500 μl 
of isopropanol, mixing by inversion for several times and incubation at room temperature 
for 15 minutes. The tubes were centrifuged at 14,000 g for 10 minutes at 4 °C and the 
supernatant was removed, then 1 ml of cold 70% ethanol were added and the tubes were 
centrifuged at 14,000 g for five minutes at 4 °C. The supernatant was removed and air dried 
for 10 minutes and then re-dissolved in 50 μl of RNAse free water and heated at 56 °C for 
10 minutes. To confirm the RNA integrity, 3 μl aliquots of each sample were loaded onto a 
1 % w/v agarose gel, electrophoresed at 120 V for 15 minutes and the RNA was then 
visualised under UV excitation. DNase treatment was carried out with Turbo DNA-free kit 
(Ambion) following manufacture’s instruction, RNA was cleaned with RNA Clean & 
Concentrator™-5 kit (Zymo Research) following manufacture’s instruction and was then 
quantified with a Qubit 3.0 Fluorometer and Agilent TapeStation. RNA depletion for both 
eukaryotic and prokaryotic ribosomal RNA was performed with the Ribo-ZeroTM Magnetic 
Gold Kit Epidemiology (Epicentre) and mRNA was then concentrated using RNA Clean & 
Concentrator™-5 kit (Zymo Research), following manufacturer’s instructions. 
 
2.3.2 cDNA library preparation and RNA sequencing  
RNA-Sequencing libraries from gills, digestive glands and caecum were prepared from each 
mRNA sample using the Ion Total RNA-Seq kit v2 (Thermo Fisher Scientific) following 
manufacturer’s instructions and using an RNaseIII treatment time of 2.5–3.0 minutes. 
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Samples were barcoded using the Ion Xpress RNA-Seq Barcode kit (Thermo Fisher 
Scientific) following manufacturer’s instruction. Yields and library sizes were assessed using 
the High Sensitivity D1K screentapes and reagents on a 2200 TapeStation Nucleic Acids 
System (Agilent Technologies). Appropriately diluted library aliquots were combined in 
pairs in equimolar amounts and used for template preparation using the Ion OneTouch 200 
Template Kit v2 DL on a OneTouch system (Thermo Fisher Scientific), prior to loading onto 
a 318 chip, and they were then sequenced on an Ion Torrent PGM™ prepared as per the 
manufacturer’s instructions (IonPGM200 Kit, Thermo Fisher Scientific). 
 
The sequencing of the crystalline style sacs was performed at the Next Generation 
Sequencing Facility at the University of Leeds with HiSeq3000 using Illumina Technology to 
generate the required 150 bp paired end data. The library construction was completed 
using Illumina's TruSeq stranded mRNA library protocol, starting at the RNA fragmentation 
step as suggested by Illumina. 
 
2.3.3 Contig assembly and transcriptome analysis 
Quality control was performed on the raw reads with the programs FastQC (Schmieder and 
Edwards, 2011) and Bowtie2 (Langmead and Salzberg, 2012) and trimming of low quality 
reads was performed with the software Trimmomatic (Bolger et al., 2014). The reads were 
assembled into contigs using the Trinity software (Grabherr et al., 2011) and those shorter 
than 500 base pairs were discarded. After mapping the raw reads back on the contigs, gene 
expression levels were calculated as TPM values (Transcripts Per kilobase Million) for the 
best 10,000 transcripts using the following protocol:  
 divide the read counts by the length of each gene in kilobases. This gives you reads 
per kilobase (RPK); 
 count up all the RPK values in a sample and divide this number by 1,000,000. This is 
the “per million” scaling factor; 
 divide the RPK values by the “per million” scaling factor. This gives you the TPM 
value. 
Annotation of the contigs was performed by BlastX searches against the non-redundant 
database of the National Center for Biotechnology Information (NCBI nrdb, 
https://blast.ncbi.nlm.nih.gov). Nucleotide sequences were translated into amino acid 
sequences using the ExPASY online tool (https://web.expasy.org/translate/). The online 
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software dbCAN (database for automated Carbohydrate-Active enzyme aNnotation, 
http://csbl.bmb.uga.edu/dbCAN/) was used to search for carbohydrate active domains 
after the contigs were converted into ORFs using the online tool Emboss 
(http://www.bioinformatics.nl/cgi-bin/emboss/getorf). Results with an e-value <1e-10 and 
those with a CBM (Carbohydrate Binding Module) but no annotation were excluded, as well 
as CAZymes (Carbohydrate-Active enZYmes) belonging to the class of glycosyl transferases. 
 
2.4 Proteomic analysis 
2.4.1 Organs dissection and preparation 
Gills, digestive glands and caeca from the same five individuals were dissected in 50 mM 
sodium phosphate buffer pH 7.0 containing EDTA-free protease inhibitors (1% v/v, Thermo 
Scientific) and kept on ice. They were pooled together by organ type, and the contents of 
the caeca were collected by placing them in 150 μl of the same buffer, cutting them open 
with a surgical blade and extracting the fluids containing enzymes and wood particles. 
Crystalline styles from 21 animals were also collected and pooled together, but they were 
not suspended in phosphate buffer. SDS loading buffer (1% SDS, 10% glycerol, 0.1% 
bromophenol blue and 100 mM 2-mercaptoethanol) was added and the samples were 
heated at 100 °C for 10 minutes, centrifuged, and the supernatant was run into a 4-20% 
polyacrylamide gel and stained with InstantBlue protein stain (Expedeon) to confirm the 
presence and amount of protein.  
 
2.4.2 Liquid Chromatography-tandem Mass Spectrometry (LC-MS/MS) analysis 
In order to identify the protein content of the samples, in-gel tryptic digestion was 
performed with 200 ng of sequencing grade trypsin (Promega) and post reduction with 
dithioerythritol (1.5 mg/ml) and S-carbamidomethylation with iodoacetamide (9.5 mg/ml). 
Digestion was carried out overnight at 37 °C. The resulting peptides were analysed by label-
free LC-MS/MS using an UltiMate 3000 RSLCnano HPLC system interfaced with an Orbitrap 
Fusion hybrid mass spectrometer (Thermo). Peptides were eluted from a PepMap, 2 μm, 
100 Å, C18 EasyNano nanocapillary column (75 μm x 150 mm, Thermo) at 300 nl/minutes 
using a gradient elution of aqueous 1% (v/v) formic acid (solvent A) and aqueous 80% (v/v) 
acetonitrile containing 1% (v/v) formic acid (solvent B). The gradient was 3–10% of B over 
eight minutes, then 10–35% of B over 125 minutes, and then 35–65% of B over 50 minutes. 
Positive ESI-MS and MS2 spectra were acquired using Xcalibur software (version 4.0, 
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Thermo). Data-dependent acquisition was performed in top speed mode with a 1-s cycle. 
MS2 spectra were acquired in the linear ion trap with HCD activation energy of 32%. 
 
2.4.3 Proteomic analysis 
Protein identification was performed by searching tandem mass spectra against the 
assembled transcriptome of L. pedicellatus using the Mascot search program 
(http://www.matrixscience.com). Matches were passed through Mascot percolator to 
achieve a false discovery rate of <1% and further filtered to accept only peptides with 
expect scores of 0.05 or better and with a number of at least two significant sequences 
(unless stated in the results). Molar percentages were calculated from Mascot emPAI 
values by expressing individual values as a percentage of the sum of all emPAI values in the 
sample (Ishihama et al., 2005). Proteins identified in the proteomics analysis were 
annotated by BlastX searches against the NCBI nrdb (https://blast.ncbi.nlm.nih.gov). 
Nucleotide sequences were translated into amino acid sequences using the ExPASY 
Translate online tool (https://web.expasy.org/translate/) and protein parameters 
calculated with the ExPASY ProtParam tool (https://web.expasy.org/protparam/). CAZy 
annotation was carried out using the online software dbCAN 
http://csbl.bmb.uga.edu/dbCAN/) and results with an e-value <1e-10 and those with a CBM 
(but no annotation) were excluded, as well as CAZymes belonging to the class of glycosyl 
transferases. Putative N-terminal signal peptides were predicted with the online server 
SignalP 4.1 (http://www.cbs.dtu.dk/services/SignalP/) or SignalP 3.0 (Petersen et al., 2011). 
 
2.4.4 Protein identification by MALDI/TOF-TOF tandem mass spectrometry  
The identity of certain proteins separated by SDS-PAGE was investigated by MALDI/TOF-
TOF tandem mass spectrometry. The protein band under examination was excised from 
the gel with a razor blade, cut into 3-4 pieces and placed in a 0.5 ml LoBind tube 
(Eppendorf). The band fragments were washed twice with 50% (v/v) aqueous acetonitrile 
containing 25 mM ammonium bicarbonate to remove the Coomassie stain and other 
contaminants, the cysteine residues were reduced with 10 mM DTE (100 mM ammonium 
bicarbonate, 10 mM dithioerythrietol) for one hour at 56 °C, and they were then alkylated 
and S-carbamidomethylated with 100 mM ammonium bicarbonate and 50 mM 
iodoacetamide for 30 minutes in the dark at room temperature. Following dehydration 
with acetonitrile for five minutes, gel pieces were dried in a SpeedVac, digested with the 
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addition of 0.2 μg sequencing-grade modified porcine trypsin (Promega) in 25 mM 
ammonium bicarbonate and incubated at 37 °C overnight. Peptides were extracted from 
the gel by washing three times with 50% (v/v) aqueous acetonitrile, dried in a SpeedVac 
and reconstructed in 0.1% (v/v) acqueous trifluoroacetic acid. Samples were analised by 
MALDI/TOF-TOF tandem mass spectrometry as described in detail by Alessi and colleagues 
(2017). Protein identification was performed by searching tandem mass spectra against the 
assembled transcriptome of L. pedicellatus or the NCBI nrdb using the Mascot search 
program (http://www.matrixscience.com). 
 
2.5 Molecular biology techniques  
 
2.5.1 cDNA production 
RNA was extracted from the digestive glands and gills of L. pedicellatus using the Trizol 
method, and it was cleaned and concentrated as described in section 2.3.1. A poly(A) tail 
was added to the gills’ RNA only using the poly(A) polymerase from Takara, following 
manufacturer’s protocol (Sippel, 1973). cDNA was produced using the SuperScript II reverse 
transcriptase (Thermo Fisher Scientific). In short, 1 µl of oligo-dT primer 10 µM, 1 µl of dNTP 
mix (10 mM each), 1 to 5 ng of total RNA and RNAse free water to make up 12 µl were put 
in a microcentrifuge tube, heated at 65 °C for five minutes and quickly chilled on ice. After 
brief centrifugation, 4 µl of 5x First-Strand buffer, 2 µl of 0.1 M DTT and 1 µl of RNase free 
water were added, the contents were mixed gently and incubated at 42 °C for two minutes. 
SuperScript II reverse transcriptase (1 µl) was added, mixed by gentle pipetting and 
incubated at 42 °C for 50 minutes. The reaction was inactivated by heating at 70 °C for 15 
minutes and the cDNA was purified with the Clontech NucleoSpin PCR Clean-up and gel 
extraction Kit. 
 
2.5.2 Polymerase chain reaction (PCR) 
PCR was performed to amplify the sequences encoding for the selected CAZymes from 
cDNA produced from the gills (for the bacterial enzymes) or the digestive glands (for the 
shipworm ones). The oligonucleotide primers used for annealing to the cDNA template 
(Table 2.1) were designed so that each primer had (when possible) a length of 18-22 bp, a 
melting temperature (Tm) between 52 and 58 °C with a difference of no more than 3 °C 
between the pair, GC content not exceeding 60%, and no repeats or runs longer than four 
71 
 
nucleotides. The Tm values and GC content were calculated using the Integrated DNA 
Technologies online calculator (https://www.idtdna.com/calc/analyzer). Amplification of 
the genes of interest was performed with the Phusion High-Fidelity DNA Polymerase 
(Thermo Fisher), using a PTC-200 Peltier Thermal Cycler (MJ Research). The reaction 
reagents and quantities, and the thermo-cycling conditions are listed in Table 2.2 and 2.3. 
3 μl of the reaction products were analysed by agarose gel electrophoresis to confirm the 
presence and length of the DNA product.  
 
Table 2.1. Primers developed in this study for the cloning of the bacterial proteins LpsGH5_8, LpsGH11, 
LpsGH134a and LpsGH134b. LpsAA10 could not be amplified from the cDNA and therefore a synthetic version 
of the gene was codon-optimised for E-coli expression. 
Name of protein Oligonucleotide primer sequence 
LpsGH5_8 
Forward primer: GTTTCAGAGTAGTTAGCTGAACCAGCC 
Reverse primer: GAGTGTCGAGTTAGCACGGTGG 
LpsGH11 
Forward primer: ACTAGCTACCTTTCACTCAAGTTGTG 
Reverse primer: CAGCCGTTGTTTTTAGTTACAGCT 
LpsGH134a 
Forward primer: CACGGTACTCACACATACACAAATATAG 
Reverse primer: ATTGGCTTAACCAGGGTAAGC 
LpsGH134b 
Forward primer: TATGGGTGCAAACTTAAGCTGC 
Forward primer: GTATCGTTGGATTGGCTTAACG 
 
Table 2.2. Reaction reagents and quantities used for the PCR reactions. 
Name of reagent Concentration (μl) 
Phusion buffer HF (5X) 10.0 
Forward primer (20 μM) 1.0 
Reverse primer (20 μM) 1.0 
dNTP mix (dATP, dGTP, dCTP, dTTP) 10μM 1.0 
Phusion High-Fidelity DNA Polymerase 0.5 
Template (cDNA) 0.5 
RNAse free water 33.5 
DMSO (if needed) 2.5 
Total 50.0 
 
Table 2.3. The thermo-cycling conditions used for the PCR reactions. 
Step Temperature (°C) Time (seconds) Number of cycles 
Initial denaturation 98 120  1 
Denaturation 98 10  35 
Annealing 55 30  35 
Elongation 72 30 seconds/kb 35 
Hold 4 infinite 1 
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2.5.3 3’ and 5’ Rapid Amplification of cDNA Ends (RACE) 
Rapid amplification of cDNA ends was performed for the proteins LpsGH5_8 and 
LpsGH134a, whose 5’ and 3’ ends (respectively) were missing in the contigs generated from 
the RNA sequencing. The SMART RACE cDNA Amplification Kit from Clontech was used, 
following manufacturer’s instructions. The cDNA was obtained from L. pedicellatus gills and 
the primers were designed for RACE and nested RACE and are listed in Table 2.4. 
Touchdown PCR was performed for LpsGH5_8 only, since primers’ with Tm temperatures 
above 70 °C could be designed. 
 
Table 2.4. RACE and nested RACE primers used for the cloning of the bacterial proteins LpsGH5_8 and 
LpsGH134a with the SMART RACE cDNA Amplification Kit. 
Protein name Oligonucleotide primer sequence 
LpsGH5_8 
Forward 5’ RACE primer: 
CGCATCACATTCTCCCAATCCTGTCCCCAGTTCGGTGCA 
Forward 5’ nested RACE primer: 
GCAGCGCCTGCAATTGTTCCTGCAGCGCCTTCTTCTC 
LpsGH134a 
Forward 3’ RACE primer: TGCCGGACACCGCAACGGCTCAAGTGG 
Forward 3’ nested RACE primer: TAACCCCAACACCGATGATATTCAACGG 
 
2.5.4 DNA purification 
The DNA obtained from the PCR reactions was purified using the Wizard SV gel and PCR 
clean-up System (Promega) following manufacturer’s instructions. Briefly, an equal volume 
of membrane binding solution was added to the PCR amplification products, and the 
mixture was transferred to a minicolumn, incubated for one minute and centrifuged at 
16,000 g for one minute. After discarding the flowthrough, 700 μl of membrane wash 
solution were added and it was then centrifuged at 16,000 g for one minute. The step was 
repeated with 500 μl of membrane wash solution and centrifuging for five minutes. After 
allowing evaporation, the DNA was transferred into a new microcentrifuge tube, 50 μl of 
nuclease-free water were added, it was incubated at room temperature for one minute 
and centrifuged at 16,000 g for one minute. The clean PCR product was then used for 
downstream analysis or stored at -20 °C. 
 
2.5.5 Nucleic acids quantification 
The concentration of RNA, ssDNA or dsDNA was measured by spectrophotometry, using a 
NanoDrop 1000 Spectrophotometer (Thermo Fisher Scientific). The samples (1.2 μl) were 
tested and the concentration was measured by the 260/280 ratio against a blank. A ratio 
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of 1.8 was considered pure for DNA and of 2.0 for RNA, with lower values indicating 
possible protein, phenol or other substances contamination. The 260/230 ratio was also 
used to check for other contaminants, with DNA and RNA considered pure if the ratio was 
in the range of 2.0-2.2. 
 
2.5.6 Nucleic acid agarose gel electrophoresis 
Agarose gel electrophoresis was used to visualise and separate DNA fragments of different 
sizes. The gels were prepared at a concentration of 0.8% agarose in 0.5x Tris-borate-EDTA 
buffer (TBE) buffer (45 mM Tris 45mM boric acid, 1 mM EDTA, pH 8.0) by heating in a 
microwave at full power for 1-2 minutes (depending on the gel size and thickness). The 
agarose-TBE solution was cooled at room temperature and 0.5 μg/ml ethidium bromide 
were added before letting the gel set in a cast with a well comb. Once solidified, the comb 
was removed and the gel was placed in an electrophoresis tank filled with 0.5x TBE buffer. 
The samples were prepared for analysis by mixing with 5x loading buffer (50 mM Tris, 5 
mM EDTA, 50% (v/v) glycerol, 0.3% (w/v) orange G, pH 8.0) and they were loaded into the 
well alongside 5 μl of the molecular weight marker 1 kb Hyperladder (Bioline) to estimate 
size. The gels were normally electrophoresed at 120-140 V for 30-45 minutes (depending 
on the gel size) and the DNA was visualised under UV light using a UVITEC transilluminator 
(Cambridge). 
 
2.5.7 StrataClone subcloning 
The initial cloning of the genes of interest was performed using the StrataClone Blunt PCR 
cloning kit (Agilent Technologies) for improved efficiency and easier subsequent cloning 
into the expression vectors, and to verify the DNA sequence with Sanger sequencing. The 
cloning works by performing ligation of blunt-end PCR products by means of the re-joining 
activity of DNA topoisomerase I and the DNA recombination activity of the Cre 
recombinase. The vector used was pSC-A-amp/kan (Fig. 2.3), which is provided in the kit 
and is 4,269 base pairs long. It includes a lacZ α-complementation cassette for white/blue 
colony screening, kanamycin and ampicillin resistance, a multiple cloning site (MCS) with 
restriction sites, a lac promoter and operon, a f1 origin of ssDNA replication and a pUC 
origin. Cloning into pSC-A-amp/kan was performed following manufacturer’s instructions. 
In short, the DNA fragments obtained after performing PCR and DNA purification were 
quantified and diluted 10 times in nuclease free water if agarose gel electrophoresis 
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confirmed a strong and specific amplification. The ligation reaction was performed in PCR 
tubes by adding the following components in this order: 
- 3 μl of StrataClone Blunt Cloning Buffer; 
- 2 μl of the PCR product (diluted if necessary); 
- 1 μl of StrataClone Blunt Vector Mix amp/kan. 
After gentle mixing by repeated pipetting, the ligation reaction was left at room 
temperature for five minutes and then put on ice. 1 μl of the reaction was used to transform 
the StrataClone SoloPack competent cells following the standard procedure described in 
section 2.6.1. An aliquot of the transformation mixture was plated on LB-ampicillin plates 
containing 40 μl of 1% w/v X-gal (5-bromo-4-chloro-3-indolyl-β-D-galactopyranoside) in 
DMF (dimethylformamide) to allow colony screening for blue-white colonies (see next 
section). The plates were incubated at 37 °C overnight. 
 
Figure 2.3. Map of the linearised StrataClone PCR Cloning Vector pSC-A-amp/kan. MCS=multiple cloning site, 
AmpR, NeoR and KanR=ampicillin, neomicin and kanamicin resistance. 
 
2.5.8 Colony screening 
In order to identify bacterial colonies containing the gene of interest after a transformation, 
colony screening was performed. The procedure involved picking a colony from a plate 
(only white colonies picked in case of white/blue screening) using a sterile pipette and 
dipping it into a PCR mixture prepared with the reagents listed in Table 2.5. Colony PCR was 
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performed by using the thermo-cycling conditions listed in Table 2.6. The primer pair used 
was the M13 forward and reverse primers for the pSC-A-amp/kan vector and the T7 
promoter and terminator for the other vectors used. The PCR products (5-10 μl) were 
electrophoresed on an agarose gel and visualised under UV light to confirm the presence 
of the transformants in the picked colonies. 
 
Table 2.5. Reaction reagents and quantities used for the colony PCR reactions. 
Name of reagent Concentration (μl) 
DreamTaq Green PCR Master Mix (2x, Fermentas) 5.0 
Forward primer  (20 μM) 0.3 
Reverse primer  (20 μM) 0.3 
RNAse free water 4.4 
Total 10.0 
 
 Table 2.6. The thermo-cycling conditions used for the colony PCR reactions. 
Step Temperature (°C) Time (seconds) Number of cycles 
Initial denaturation 95 120 1 
Denaturation 95 30 35 
Annealing 55 30  35 
Elongation 72 60 seconds/kb 35 
Final extension 72 300 1 
Hold 4 infinite 1 
 
2.5.9 Plasmid DNA extraction 
The colonies identified as positive transformants (i.e. containing the plasmid with the gene 
of interest) were incubated overnight at 37 °C and shaking at 200 rpm in 10 ml of LB media 
containing the appropriate antibiotic/s. The bacterial cells were then harvested using the 
Wizard Plus SV Miniprep DNA Purification kit (Promega), according to the manufacturer’s 
instructions. 
 
2.5.10 DNA sequencing (Sanger sequencing) 
The plasmid DNA obtained from the previous section was sent for sequencing at the DNA 
Sequencing and Services (Dundee University), following the instructions provided in their 
website (https://www.dnaseq.co.uk/). The primer pair used for sequencing was the M13 
forward and reverse primers for the pSC-A-amp/kan vector and the T7 promoter and 
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terminator for the other vectors used. The obtained sequence chromatograms were 
analysed using the SnapGene software (GSL Biotech). 
 
2.5.11 In-Fusion HD cloning 
The In-Fusion HD cloning system (Clontech laboratories) was used to insert DNA from the 
genes of interest into the chosen expression vector. The In-Fusion system works by using 
the In-Fusion enzyme, which ligates DNA fragments by recognizing 15 bp overlaps at their 
ends. The procedure started by designing primers for amplification of the desired 
sequences into the expression plasmid. PCR was performed as described in section 2.5.2, 
but with an annealing temperature adjusted to the primers’ Tm. An aliquot of the PCR 
product was analysed by agarose gel electrophoresis to confirm correct amplification, and 
it was then purified. The chosen expression vector was linearised by PCR to produce ends 
compatible with the designed primers.  
The In-Fusion cloning reaction was performed in PCR tubes by adding the following 
components: 
- 2 μl of 5x in-Fusion HD Enzyme Premix; 
- 50-200 ng of the linearised vector; 
- 10-200 ng of the purified PCR fragment to insert; 
- nuclease-free water to make the volume up to 10 μl. 
The reaction was incubated at 50 °C for 15 minutes and placed on ice. 1 μl was used to 
transform a suitable strain of competent cells. 
  
2.6 Recombinant protein expression  
2.6.1 Transformation of chemically competent cells 
In order to insert the plasmid containing the gene of interest into the chosen competent 
cells, 1 μl of the reaction containing the transformed plasmid were added to 25-50 μl of 
competent cells that had previously been thawed on ice. The mixture was gently mixed by 
stirring and incubated on ice for 20 minutes. It was heat-shocked at 42 °C for 45 seconds, 
incubated on ice for two minutes, and 500 μl of pre-warmed LB or SOC medium were 
added. The competent cells were left to recover for at least one hour (two hours for better 
yields if selecting the transformants on kanamycin plates) at 37 °C with agitation, and they 
were then plated on LB agar plates containing the appropriate antibiotic/s. The plates were 
incubated overnight at 37 °C before proceeding with colony screening (section 2.6.7). 
77 
 
2.6.2 Expression systems 
Different expression systems were used for the different attempts of heterologous protein 
production, which are listed in Table 5.2. In this section, only the systems that were used 
for successful protein production are described. They include E. coli cytoplasmic expression 
system using the plasmid pET52b(+) and the competent cells Rosetta-gami 2(DE3), E. coli 
periplasmic expression system with the plasmid pETFPP30 and the competent cells Rosetta 
2(DE3) and the Baculovirus mediated insect cell expression system with the plasmid 
pOPINS3C and the insect cell line Spodoptera frugiperda 9 (Sf9). 
 
2.6.2.1 E. coli cytoplasmic expression system 
The expression of the bacterial proteins LpsGH5_8, LpsGH134s and LpsGH134b was 
performed in the cytoplasm of E. coli using the plasmid pET52b(+) (Fig. 2.4). This expression 
vector is 5,227 base pairs long and contains a StrepTag II coding sequence at the N-
terminus, which is cleavable with the human rhinovirus (HRV) 3C protease. It also encodes 
for a HisTag at the C-terminus and has a thrombin protease cleavage site. It contains a lacI 
promoter, T7 promoter, T7 transcription start and terminator sequences, a f1 origin of 
ssDNA replication, an optimized ribosomal binding site (RBS), a MCS site containing 
multiple restriction enzyme sites and resistance to ampicillin. Rosetta-gami 2(DE3) 
(Novagen) competent cells were used as expression strains because the protein amino acid 
sequences were analysed with the GenScript rare codon analysis tool 
(https://www.genscript.com/tools/rare-codon-analysis) and the DiANNA 1.1 web server 
(http://clavius.bc.edu/~clotelab/DiANNA/), which highlighted the presence of numerous 
rare codons and disulphide bonds. 
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Figure 2.4. Map of the expression plasmid pET52b(+). HRV=human rhinovirus, ATG=start codon, 
RBS=ribosomal binding site, MCS=multiple cloning site, AmpR=ampicillin resistance.  
 
2.6.2.2 E. coli periplasmic expression system 
The expression of the bacterial protein LpsAA10 was performed in the periplasm of E. coli 
using the plasmid pETFPP30 (Fig. 2.5). This expression vector is 5,520 base pairs long and is 
specifically designed to guide the protein into the periplasmic space of the bacterial cells 
by means of the N-terminal pelB secretion sequence under control of the T7 promoter. The 
oxidising environment of the periplasm improves the protein correct folding by allowing 
the formation of disulphide bonds (Yoon et al., 2010). pETFPP30 is a modification of the 
plasmid pET22b with a HRV 3C protease added just before the HisTag at the C-terminus. 
The other typical features of the pET plasmids are maintained (lacI operator, f1 origin of 
ssDNA replication, optimized ribosomal binding site (RBS), MCS site containing multiple 
restriction enzyme sites and resistance to ampicillin). The competent cells used for 
expression were Rosetta 2(DE3) (Novagen). 
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Figure 2.5. Map of the expression plasmid pETFPP30. RBS=ribosomal binding site, MCS=multiple cloning site, 
AmpR=ampicillin resistance, bom=basis of mobility. 
 
2.6.2.3 Baculovirus mediated insect cell expression system 
The expression of the bacterial protein LpsGH11 was performed in the cytoplasm of S. 
frugiperda insect cells using the plasmid pOPINS3C (Fig. 2.6). This expression vector was 
designed and constructed at the Oxford Protein Production Facility UK (OPPF-UK), is 
derived from the plasmid pUC and is 5,424 base pairs long (Bird, 2011). It includes a HisTag 
at the N-terminus, followed by a SUMO solubility tag, which can be cleaved with the HRV 
3C protease. It also features a lacZ promoter, p10 promoter and bb-actin promoter, T7 
transcription start and terminator sequences, CMV (human cytomegalovirus) enhancer, 
baculovirus recombinant regions and resistance to ampicillin. 
Protein expression was performed using the baculovirus mediated insect cell expression 
system (Berger et al., 2004), as explained in section 2.6.4. 
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Figure 2.6. Map of the expression plasmid pOPINS3C developed at OPPF-UK. HRV=human rhinovirus, 
AmpR=ampicillin resistance, baculovirus rec region=baculovirus recombination region, CMV enhancher= 
human cytomegalovirus enhancer, CAP binding site=catabolite activator protein binding site. 
 
2.6.3 Bacterial cells expression 
Bacterial cells containing LpsGH5_8, LpsGH134a and LpsGH134b were grown in 100 ml of 
LB broth supplemented with carbenicillin (50 μg/ml) and chloramphenicol (34 μg/ml) at 37 
°C until OD600=0.7 and then induced with isopropyl β-D-1-thiogalactopyranoside (IPTG) 
1mM. They were grown overnight at different temperatures (16, 20, 30 and 37 °C) and 200 
rpm to compare expression levels. Once the preferred temperature was identified, cultures 
of 1 litre were set up and grown overnight (around 18-20 hours) at that temperature. The 
cells were pelleted by centrifugation at 4,000 g for 15 minutes, resuspended in phosphate 
buffered saline (PBS) with 0.01 mM 4-(2-aminoethyl)benzenesulfonyl fluoride 
hydrochloride (AEBSF). They were lysed by sonication (3 minutes: 3 second on, 7 seconds 
off), centrifuged at 4,000 g for 15 minutes and the supernatant (soluble fraction) was used 
for subsequent purification.  
 
Bacterial cells expressing the LpsAA10 were grown in 500 ml of M9 Minimal Medium, 
containing 1% (w/v) glucose, carbenicillin (50 μg/ml) and chloramphenicol (34 μg/ml) at 37 
°C until OD600=0.7. The culture was induced with IPTG (0.1 mM) and grown overnight (18-
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20 hours) at 20 °C and 200 rpm. The cells were harvested by centrifugation at 4,000 g for 
15 minutes at 4 °C, resuspended in 50 ml/litre of 50 mM Tris-HCl with 20% sucrose (pH 8.0) 
and kept on ice for 30 minutes. After centrifugation at 8000 rpm for 10 minutes the 
supernatant was discarded, the cells were resuspended in 50 ml/litre of 5 mM MgSO4 and 
kept on ice for 30 minutes. After centrifugation the supernatant, containing the periplasmic 
fraction, was equilibrated with 0.2 M Na phosphate buffer pH 7.6 to a final concentration 
of 50 mM and was used for subsequent purification 
 
2.6.4 Insect cells expression 
The expression of LpsGH11 was performed at the Oxford Protein Production Facility UK 
(OFFP-UK) using insect cells and the baculovirus mediated expression system. 
Bacmid preparation 
Bacmid, a shuttle vector that can be propagated both in E. coli and insect cells, was 
inoculated from a glycerol stock belonging to OPPF-UK in 100 ml containing kanamycin (50 
µg/ml) and chloramphenicol (35 µg/ml) and grown overnight at 37 °C. The BacMax kit 
(Cambio) was used to extract bacmid DNA according to manufacturer’s instructions. The 
DNA was diluted to 100 ng/µl and distributed in 24 microcentrifuge tubes, where 1x NEB 
buffer 3 and 1x BSA were also added. The restriction enzyme Bsu361 (New England Biolabs) 
(1 µl) was added to each tube and it was incubated at 37 °C for two hours, heated at 72 °C 
for two minutes and stored at -20 °C until used.  
Co-transfection and preparation of P1 virus stock 
Sf9 cells were adjusted to a density of 5x105 cells/ml, 500 µl were transferred into a 24-well 
culture plate and they were left to attach to the bottom of the well for one hour at room 
temperature. In the meanwhile, the transfection mixture was prepared by gently mixing 
2.5 µl of bacmid, 100-500 of plasmid DNA and 50 µl of Sf900 II serum free medium (SFM, 
Invitrogen), pipetting 0.75 µl of FuGeneHD transfection reagent (Roche applied science) 
into the liquid and incubating at room temperature for 30 minutes to allow liposomes to 
form. The transfection mixture (25 µl) was added carefully without disturbing the 
monolayer, and the plates were swirled to distribute the mix equally, and incubated for 
five days at 27 °C after sealing with parafilm. After this period the supernatant (P0 virus 
stock) was stored in the dark at 4 °C, while the plate with the cells was stored at -80 °C. 
 
 
82 
 
P1 and P2 amplification 
In a 24 well culture plate, 0.5 ml of Sf9 cells at the concentration of 1x106 cell/ml were 
added to each well and they were left to attach to the bottom of the well for one hour at 
room temperature. 5 µl of P0 virus stock were added to each well, and the plate was 
incubated for six days at 27 °C. The supernatant was harvested to produce the P1 virus 
stock, which was kept at 4°C in the dark for immediate use and at -80 °C for long-term 
storage. The P2 virus stock for small scale expression screening was produced like the P1 
stock but using 50 µl of P1 stock and storing the viral supernatant at day seven of the 
infection at 4 °C in the dark.  
Small-scale protein expression screening 
A lysis solution was prepared by mixing 20 ml of NPI-10 plus, 100 µl of DNase solution and 
5 µl of beta-mercaptoethanol. The 24-well plate with the P0 virus was defrosted for 10 
minutes at room temperature and 250 µl of lysis solution were added to each well. The 
plate was shaken at 500 rpm for 15 minutes at room temperature, the suspension was 
transferred to a 96-deep well block and 20 µl were pipetted into a PCR pate and mixed with 
20 µl SDS loading buffer (1% SDS, 10% glycerol, 0.1% bromophenol blue and 100 mM 2-
mercaptoethanol). The PCR plate was centrifuged at 6,500 g for 30 minutes and the 
supernatant was placed in a flat-bottom 96-well plate containing, in each well, 20 µl Ni-
NTA agarose beads. It was shaken for 30 minutes at 600 rpm at room temperature and 
then placed on a type B Quiagen magnet for five minutes. The liquid was discarded, the 
plate was removed from the magnet and 150 µl of NPI-20 were added gently in each 
pipetting 2-3 times well to resuspend the beads. The plate was re-placed on the magnet 
for two minutes, the liquid discarded, and 100 µl of NPI-20 were added. The procedure was 
repeated with 60 µl of NPI-250, the plate was shaken for 10 minutes at 500 rpm at room 
temperature and re-placed on the magnet for three minutes. Finally, 25 µl were transferred 
to a PCR plate containing in each well 25 µl of SDS loading buffer and blots were 
electrophoresed for both the whole cells and the soluble product. Once the expression of 
LpsGH11 was confirmed, scale up was performed in 500 ml of Sf9 cells with a virus dilution 
of 1:1,000. 
 
2.6.5 Sodium Dodecyl Sulphate PolyAcrylamide Gel Electrophoresis (SDS-PAGE) 
Gels used for SDS-PAGE were the Mini-Protean TGX Precast gels (Bio-Rad, USA) with a 
polyacrylamide concentration depending on the analysed protein size or at a gradient from 
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4 to 20%. The electrophoresis was carried out using a Mini Protean II apparatus (Bio-Rad, 
USA). The tanks were filled with running buffer (25 mM Tris, 192 mM glycine, 0.1% SDS, pH 
8.3). The samples were mixed with 5x SDS loading buffer (1% SDS, 10% glycerol, 0.1% 
bromophenol blue and 100 mM 2-mercaptoethanol) and heated at 100 °C for five minutes 
to denature the proteins. The wells were loaded with 15, 20 or 30 μl of sample (depending 
on gel and wells size) alongside with 5 μl of pre-stained 1kb HyperLadder (Bioline). The gels 
were electrophoresed at 200 V until the marker dye-front ran off the gel (around 45 
minutes). The staining was performed with InstantBlue Coomassie stain (Expedeon) and 
the de-staining by washing various times with deionised water (dH20). Pictures of the gels 
were taken with the Syngene PXi gel documentation imaging system. 
 
2.6.6 Schiff’s fuchsin-sulfite glycoprotein stain 
The Schiff’s fuchsin-sulfite glycoprotein stain was used to detect glycoproteins. The 
protocol involved performing SDS-PAGE with the samples of interest and then fixing the gel 
for one hour in 30% (v/v) methanol and 7% (v/v) acetic acid. After three washes for five 
minutes in ultrapure water, the gel was left for one hour in 15% (v/v) periodic acid in 5% 
(v/v) acetic acid to oxidise the cis-diol sugar groups in glycoproteins. After a series of 
washes with ultrapure water, it was placed for one hour in Schiff's fuchsin-sulfite solution 
(Sigma-Aldrich) in the dark to allow the formation of aldehyde groups, which are detected 
through the formation of Schiff-base bonds with a reagent that produces magenta bands. 
The gel was immersed in 0.5% sodium metabisulfite for one hour and subsequently stored 
in 7% acetic acid. Pictures of the gels were taken with the Syngene PXi gel documentation 
imaging system. 
 
2.6.7 Western blot analysis 
To perform western blot analysis, the proteins under study were subject to SDS-PAGE as 
described in section 2.6.5. They were blotted into a nitrocellulose membrane using a iBlot 
2 dry blotting system (Thermo Fisher Scientific) and iBlot transfer stacks (Thermo Fisher 
Scientific) according to the manufacturer’s instructions, after immersion of the gel in 20% 
ethanol for five minutes. The successful transfer of the protein bands was visualised by 
staining with Ponceau solution (0.1% (w/v) Ponceau S in 5% (v/v) acetic acid). After washing 
with deionised water until clean, the membrane was incubated with blocking buffer (1xBPS 
(15 mM K2HPO4, 80 mM Na2HPO4, 140 mM NaCl, pH 7.5) with 5% (w/v) skimmed milk 
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powder) for one hour with gentle rocking. After blocking, the membrane was washed three 
times for five minutes and gentle rocking with PBS containing 0.05% Tween 20, to decrease 
non-specific background staining. It was incubated for two hours at room temperature (or 
at 4 °C overnight) in a solution of PBS containing 0.05% (v/v) Tween 20, 1% (w/v) BSA 
supplemented with anti-Strep II antibody horseradish peroxidase (HRP) conjugate 
(Novagen) or anti-His antibody HRP conjugate (Sigma Aldrich) both at 1:5,000 dilution. 
After a second washing step (three times for five minutes and gentle rocking with PBS 
containing 0.05% Tween 20), the membrane was incubated for five minutes in 2 ml of 50% 
stable peroxidise solution and 50% luminol/enhancer solution using the SuperSignal West 
Pico PLUS Chemiluminescent Substrate kit (Thermo Scientific), it was briefly dried and the 
HRP activity was visualised with the Syngene PXi gel documentation imaging system. 
 
2.6.8 Protein quantification (Bradford assay) 
Proteins were quantified using the Bradford method described in Bradford (1976). In short, 
5 μl of samples and standards (bovine serum albumin (BSA) ranging from 0.03125 to 1.5 
mg/ml in pure water) were added to 250 μl of Coomassie Plus Protein Assay Reagent 
(Thermo Fisher Scientific) in a 96 well optical microtitre plate. Blanks were also prepared 
containing the protein reagent in the appropriate buffer. After incubation at room 
temperature for five minutes, the absorbance at 595 nm (OD595) of the samples was read 
using a Sunrise plate reader (Tecan). A linear standard curve was produced using the BSA 
standards and it was used to calculate the concentration of the samples. 
 
2.6.9 Protein concentration 
The fractions obtained from protein purification were concentrated by centrifugation using 
either Vivaspin 2 (Sartorius) or Microsep Advance (Pall Corporation) centrifugal devices. 
The appropriate molecular weight cut-off size was chosen depending on the size of the 
protein to be concentrated. The samples were centrifuged until reduced to the desired 
volume following manufacturer’s recommendations. 
 
2.6.10 Media 
The media used for recombinant protein expression were LB, SOC, auto-induction and M9 
minimal medium. 
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2.6.10.1 Lysogeny Broth 
LB medium (Lysogeny Broth, also improperly called Luria Bertani broth, from its creator 
Giuseppe Bertani) is a nutritionally rich medium that is routinely used to grow bacteria. It 
was prepared by dissolving 25 g of LB Broth Miller (Fisher BioReagents) in 1 liter of dH20, 
adjust the pH to 7.0 and autoclaving at 121 °C for 15 min. LB-agar, used for making plates, 
was prepared by dissolving 40 g of LB-agar Miller (Formedium) in 1 liter and autoclaving.  
 
2.6.10.2 Super Optimal broth with Catabolite repression 
Super Optimal broth with Catabolite repression (SOC) is a nutrient-rich bacterial growth 
medium normally used to improve efficiency of transformations. It consists of Super 
Optimal Broth (SOB) with added glucose. It is prepared by dissolving (in 1 liter of dH20) 20 
g tryptone, 5 g yeast extract, 0.5 g NaCl, 0.186 g KCl, 3.603 g glucose, 0.952 g anhydrous 
MgCl2 and 1.204 g heptahydrate MgSO4. The pH was then adjusted to 7.0 and it was 
autoclaved at 121 °C for 15 minutes. 
 
2.6.10.3 Auto-induction medium 
Auto-induction medium was at times used as an alternative to LB when expressing proteins, 
to test expression levels. The recipe is complex and included preparing the ZY medium base 
by dissolving 10 g tryptone and 5 g yeast extract in 1 litre of dH20. Salts were prepared by 
adding 24.65 g MgSO4 heptahydrate to 100 ml of dH20. 50x5052 (5052=0.5% glycerol, 
0.05% glucose, 0.2% α-lactose) were prepared by adding 25 g glycerol, 2.5 g glucose and 10 
g α-lactose to 73 ml of dH20. 20xNPS (NPS=nitrogen, phosphorus and sulfur) were prepared 
by adding 6.6 g (NH4)2SO4, 13.6 g KH2PO4 and 14.2 g Na2HPO4 to 90 ml of dH20. 1000x metals 
were prepared by adding to 36 ml of dH20 50 ml 0.1M FeCl3 hexahydrate (in 01.M HCL), 2 
ml 1 M CaCl2, 1 ml 1 M MnCl2 tetrahydrate, 1 ml 1 M ZnSO4 heptahydrate, 1 ml 0.2 M CoCl2 
exahydrate, 2 ml 0.1 M CuCl2 exahydrate, 1 ml 0.2 M NiCl2 exahydrate, 2 ml 0.1 M Na2MoO4 
pentahydrate, 2 ml 0.1 M Na2SeO3 pentahydrate and 2 ml 0.1 M H3BO3. 
The salts and ZY medium were separately autoclaved at 121 °C for 15 minutes and then to 
185.4 ml of the ZY base were added 200 µl MgSO4, 200 µl 1000x metals, 4 ml 50x5052, 10 
ml 20xNPS and 200 µl of the appropriate antibiotics. 
 
2.6.10.4 M9 minimal medium 
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M9 minimal medium was used only for the expression of the protein LpsAA10. The medium 
was prepared by first making up the salts by adding 64 g Na2HPO4 heptahydrate, 15 g 
KH2PO4, 2.5 g NaCl and 5.0 g NH4Cl to 800 ml of dH20. The salts were autoclaved at 121 °C 
for 15 minutes. The M9 minimal medium was prepared by adding 200 ml salts, 2 ml 1M 
sterile MgSO4, 20 ml 20% glucose and 100 µl 1 M CaCl2 (sterile) to 700 ml of dH20. 
 
2.7 Protein purification 
 
2.7.1 Affinity chromatography 
LpsGH5_8, LpsGH134a and LpsGH134b were purified by affinity chromatography after cell 
harvest, sonication and centrifugation (section 2.6.3). After addition of 5 mM MgCl2 and 
DNaseI (0.025 U/μl, NEB) and filtering through a 0.45 μm filter, the supernatant was run 
through a 5 ml StrepTrap HP column (GE Healthcare Life Science) using an ÄKTA purifier or 
ÄKTA start (GE Healthcare Life Science) following manufacturer’s instructions. Washes 
were performed with PBS and elution with 2.5 mM desthiobiotin in PBS. The eluted 
fractions containing absorbance peaks were analysed by SDS-PAGE to confirm the presence 
of the recombinant protein, combined and concentrated (quantification done by Bradford 
assay), and a thermal shift assay (section 2.7.3) was performed to verify correct folding. 
The strep-tag was removed by adding the HRV Turbo protease (Abnova) at a ratio of 1:100 
and leaving the sample overnight at 4°C and gentle shaking. The sample was purified by gel 
filtration (see next section). 
 
The periplasmic fraction obtained from the expression of LpsAA10 was equilibrated in 0.2 
M sodium phosphate buffer pH 7.6 to a final concentration of 50 mM. It was applied to a 5 
ml StrepTrap HP column, with the same tools and protocols described above for the other 
proteins. After purification, the eluted fractions containing absorbance peaks were 
analysed by SDS-PAGE to confirm the presence of the recombinant protein, combined, 
concentrated (quantification done by Bradford assay), and a thermal shift assay (section 
2.7.3) was performed to verify correct folding. Fivefold excess copper was added as CuSO4 
to provide the metal for the protein active centre, since the protein was expressed in 
minimal medium not containing metals. Then unbound copper and desthiobiotin were 
removed by gel filtration (see next section). 
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After insect cell lysis with the lysis buffer I-PER insect cell protein extraction reagent 
(Thermo Fisher Scientific) according to manufacturer’s instructions, the supernatant 
containing LpsGH11 was equilibrated with wash buffer to a final concentration of 300 mM 
NaCl and 30 mM imidazole. Nichel affinity purification was performed by adding 5 mM 
MgCl2 and DNaseI (0.025 U/μl, NEB), filtering through a 0.45 μm filter and passing the 
supernatant through a HisTrap HP 5 ml column (GE Healthcare Life Science) using an ÄKTA 
start (GE Healthcare Life Science) and following manufacturer’s instructions. Equilibration 
was performed with wash buffer (20 mM sodium phosphate pH 7.4, 300 mM NaCl, 30 mM 
imidazole) and elution with elution buffer (20 mM sodium phosphate pH 7.4, 300 mM NaCl, 
500 mM imidazole) using a gradient of 30 to 500 mM imidazole. Fractions were collected 
and analysed by SDS-PAGE. Fractions containing the protein were pooled and concentrated 
(quantification done by Bradford assay) before being subjected to gel filtration (see next 
section). After this purification step, the fractions containing the protein were combined 
and concentrated and the SUMO tag was removed using the HRV Turbo protease (Abnova) 
at a ratio of 1:100 and incubation overnight at 4 °C and gentle shaking. Purification was 
carried out manually using a 5 ml HisTrap column (GE Healthcare Life Science) and a 
gradient of 20-500 mM imidazole. The fractions were electrophoresed by SDS-PAGE to 
confirm tag cleavage and protein presence, were pooled together, concentrated and 
subject to thermal shift assay.  
 
2.7.2 Gel filtration 
Gel filtration was performed for LpsGH5_8, LpsGH134a and LpsGH134b to clean them from 
the desthiobiotin and the strep-tag after its removal with the HRV, and for LpsAA10 to 
eliminate the unbound copper and desthiobiotin. The purification was performed with the 
ÄKTA start (GE Healthcare Life Science) using a HiLoad 16/600 Superdex 75 pg column (Ge 
Healthcare Life Science) equilibrated with 10 mM sodium phosphate buffer pH 7.0 for  
LpsAA10, and with PBS for the other proteins. The relevant peaks were verified by SDS-
PAGE, protein-containing fractions were combined and concentrated (quantification done 
by Bradford assay) and a thermal shift assay was repeated to confirm that the protein was 
still correctly folded.  
 
2.7.3 Thermal shift assay 
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Thermal shift assays were conducted on purified proteins to verify correct folding using 
a Mx3005P qPCR System (Agilent Technologies) and SYPRO™ Orange Protein Gel Stain 
(Life Technologies) as a dye. This was diluted 1/100 in dH20 and 3 µl were added to the 
sample, which also contained 10 µl of the protein to be analysed and 17 µl of the 
appropriate buffer. The intensity of the fluorescence was measured against a 
temperature gradient of 25–95 °C and the obtained values were plotted to determine 
the melting temperature (Tm). This was done by curve fitting using a five parameter 
sigmoid equation with the Tm measured as the midpoint at http://paulbond.co.uk/jtsa 
(Schulz et al., 2013). 
 
2.8 Enzyme activity assays 
2.8.1 DNS (3,5-dinitrosalicylic acid) reducing sugars assay 
DNS (3,5-dinitrosalicylic acid) reducing sugars assays were used to assess activity of the 
expressed recombinant proteins and of gills, digestive glands, crystalline style and caecum 
contents of L. pedicellatus on a range of polysaccharides (see section 2.8.5 for the a 
description of the substrates used). The recombinant proteins were used in their purified 
form and at the concentration of 0.5 mg/ml. The shipworm organs (5 caeca, 12 digestive 
glands, 6 gills, 10 crystalline styles) were dissected and gills and digestive glands were 
homogenised in a non-reducing buffer (EDTA-free protease inhibitors (1% v/v, Thermo 
Scientific) 50 mM sodium phosphate pH 7.6) to preserve enzymatic activity. The obtained 
material was sonicated (10 pulses of two seconds) to disrupt the cells and release the 
contents, it was centrifuged at maximum speed for one minute on a benchtop centrifuge 
and the supernatant containing the soluble protein was filtered through a 0.22 μm porous 
membrane and quantified with a Bradford assay. The proteins were diluted at a protein 
concentration of 0.5 mg/ml for each organ. For the caeca, only the contents were used (not 
the organ’s tissue), which were obtained by cutting opening the caecum with a blade and 
suspending the contents in the same non-reducing buffers as the other organs; the 
contents were not sonicated. The crystalline styles were not homogenised but directly 
solubilised in the buffer by heating at 37 °C for one hour.  
The reactions (50 µl) were performed in triplicates and were set up in 2 ml microcentrifuge 
tubes, containing 2.5 µg of protein extract or recombinant protein, 0.1 % of substrate, 12.5 
µl of 50 mM sodium phosphate pH 7.6 (7.8 for the recombinant proteins) and 27.5 µl of 
pure water. They were incubated at 30 °C for 20 hours (two hours for the recombinant 
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proteins) with shaking at 320 rpm. After brief centrifugation to pellet the substrate, an 
aliquot of 9 µl of the supernatant was placed into a PCR tube together with 31 µl of DNS 
reagent (9.75 g of dinitrosalicylic acid, 1.4 g of NaOH, 21.6 g of sodium potassium tartrate 
tetrahydrate, 0.53 ml of phenol and 0.59 g of sodium metabisulfite in 100 ml of pure water), 
and it was heated at 100 °C for five minutes. After cooling at room temperature, 160 µl of 
pure water were added to the tube and 180 µl of the sample were used to measure the 
absorbance at 540 nm in a 96 well optical microtitre plate using a Sunrise plate reader 
(Tecan). Glucose standards were analyse together with the samples and were used to 
produce a standard curve to calculate the nanomoles of reducing sugars released.  
 
2.8.2 Heat maps 
To produce heat maps of the expressed recombinant proteins, a citrate-phosphate buffer 
(CPB) system was used. To make the CPB, two solutions were prepared: solution A (0.1 M 
citric acid) and solution B (0.2 M disodium hydrogen phosphate). Solution A and B were 
mixed according to table 2.7 to obtain buffers at different pHs.  
 
Table 2.7 Table used to calculate the amount of solution A and B to use to make up the citrate-phosphate 
buffer at different pHs. 
pH Solution A (ml) Solution B (ml) Final volume (ml) 
4 30.8 19.3 50 
4.5 27.3 22.7 50 
5.0 24.3 25.8 50 
5.5 21.6 28.5 50 
6.0 18.4 31.8 50 
6.5 14.5 35.5 50 
7.0 8.9 41.2 50 
7.5 3.9 46.1 50 
8.0 1.4 48.6 50 
 
Reactions were performed in triplicates in 96-wells PCR plates, at 24 different temperatures 
in the range from 30 to 74 °C and using a Tetrad 2 Peltier thermal cycler (BIO-RAD) with a 
gradient mode. The reactions (100 µl) were placed in each well, containing 50 µl of 1% (w/v) 
glucomannan substrate, 10 µl of enzyme and 40 µl of buffer. Enzyme concentration was 10 
µg/ml for LpsGH5_8 and LpsGH134a, and 500 µg/ml for LpsGH134b, while LpsGH11 was 
not tested due to lack of protein. Blank reactions not containing the enzymes were also 
performed. The plates were incubated in the thermal cycler for two hours, cooled to room 
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temperature, 100 µl of DNS reagent (see section 2.8.1 for the recipe) were added and the 
plate was heated at 100 °C for five minutes. The absorbance at 545 nm was measured in a 
96 well optical microtitre plate using a Sunrise plate reader (Tecan). The raw data from the 
microplate reader was transferred into an Excel sheet and blank values were subtracted 
from the actual reactions. Values below zero were set to zero and mean values among the 
three plates were determined for each well. The data was transformed into relative activity 
by setting the highest value from the average to 100%. Phyton 3.6 was used for the analysis, 
with the module SciPy (Jones et al., 2014) to interpolate the data in and Matplotlib (Hunter, 
2007) to plot the map.  
 
2.8.3 Polysaccharide analysis using carbohydrate gel electrophoresis (PACE) 
PACE analysis for LpsGH5_8, LpsGH134a and LpsGH134b was performed by mixing the 
purified enzyme at 20 μg/ml with 0.5% galactan, glucomannan, galactomannan, mannan 
or locust bean gum (LBG) or with 40 mg/ml of milled Scots pine wood (pre-treated in 0.5 N 
NaOH for 30 minutes at 90 °C and rinsed five times in 50 mM NaPO4 buffer) in 50 mM 
NaPO4 buffer pH 6.5 and incubated overnight at 30 °C with shaking. The samples were 
centrifuged, the supernatant was transferred to a new tube and the undigested 
polysaccharides were removed by precipitation with 80% ethanol. Following 
centrifugation, supernatants were transferred to a new tube and dried.  
For LpsGH11, Miscanthus stem AIR (alcohol insoluble residues) was pre-treated in 4 M 
NaOH for one hour at room temperature and neutralized with HCl. The resultant substrate 
at 1 mg/ml (of initial untreated AIR) was digested overnight at room temperature with 
various amounts of xylanase (3- 40 μg/ml).  
All samples were purified on Nanosep 10k and dried. Dried digestion products and manno-
oligosaccharide and xylo-oligosaccharide standards and appropriate controls were labelled 
with 8-aminonaphthalene-1,3,6-trisulfonic acid (ANTS, Invitrogen) and separated by 
polyacrylamide gels, as described by Bromley and colleagues (2013). PACE gels were 
visualized using a G-box (Syngene). Experiments were carried out in triplicates. 
 
2.8.4 Product identification by MALDI/TOF-TOF tandem mass spectrometry  
In order to analyse the digestion products of LpsAA10 on different substrates, reactions 
were carried out on microcrystalline cellulose (Avicel), phosphoric acid swollen cellulose 
(PASC), squid chitin, shrimp chitin, colloidal chitin, glucomannan, barley β-glucan and beech 
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wood xylan (Sigma). The 50 µl reactions contained 50 mM ammonium acetate buffer pH 
6.0, 4 mM ascorbic acid or gallic acid in 0.2 M ammomium acetate buffer pH 6.0, 0.4% (w/v) 
substrate, 3 µM of LpsAA10 and pure water to make up the final volume. The reactions 
(and the appropriate blanks) were incubated overnight at 30 °C with shaking at 300 rpm. 
The samples were centrifuged and 1 µl of the supernatant was mixed with an equal volume 
of 20 mg/ml of 2,5-dihydroxybenzoic acid (DHB) in 50% acetonitrile and 0.1% TFA on a 
SCOUT-MTP 384 target plate (Bruker). The spotted samples were dried in a vacuum 
desiccator and permethylation was carried out according to Ciucanu and Kerek (1984). 
Spotted samples were analyzed by MALDI/TOF-TOF tandem mass spectrometry using 2,5-
DHB matrix with 0.1% TFA on an AB-Sciex 4700 and Ultraflex III MALDI/TOF-TOF instrument 
(Bruker). Data were collected using a 2-kHz smartbeam-II laser and acquired on reflector 
mode (mass range 300–3000 Da) for MS analysis and on LIFT-CID for MS/MS analysis using 
argon as collision gas. FlexControl and FlexAnalysis softwares were used for data 
acquisition and analysis. On average, about 10,000 shots were used to obtain high-enough 
resolution. MS/MS fragmentation patterns were named according to Domon and Costello 
(1988). 
 
2.8.5 Substrates 
The substrates that were used for the DNS assay or for PACE are: barley β-glucan (β-D-1,3-
1,4-glucan), mannan (borohydride reduced), konjac glucomannan (β-D-1,4), 
galactomannan (CAROB), larch arabinogalactan, wheat arabinoxylan, tamarind seed 
xyloglucan, potato galactan, galactan (Gal:Ara:Rha:Xyl:GalUA=91:2:1.7:0.3:5) all purchased 
from Megazyme; LBG, carboxymethyl-cellulose (CMC) and beech wood xylan, all purchased 
from Sigma-Aldrich. PASC was prepared by moistening 5 g of Avicel PH-101 (Sigma-Aldrich) 
in pure water and treating with 150 ml of ice cold 85% (v/v) phosphoric acid on an ice bath 
for one hour. Cold acetone (500 ml) was added while stirring and the swollen cellulose was 
filtered on a glass-filter funnel, washed three times with 100 ml ice cold acetone and twice 
with 500 ml of water. It was then suspended in 500 ml of pure water and blended to 
homogeneity. 
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Chapter 3: Anatomy and physiology of the digestive organs of Lyrodus 
pedicellatus 
 
3.1 Introduction 
Shipworms have been known for a long time, as they have been documented in the works 
of Pliny, Ovid, Aristophanes and even Homer, mainly because of their devastating effect on 
wooden boats (Nair and Saraswathy, 1971). The first proper scientific report, prompted by 
the shipworms’ fascinating ability to live in timber, was produced by Sellius, who in 1733 
described the species Teredo navalis. Since then, numerous studies have approached 
different aspects of Teredinids biology, and the fact that they are indeed able to feed on 
wood – not just live in it - is now widely accepted. Despite the multitude of publications, 
there is limited information on the mechanisms of wood digestion by these animals. One 
of the main subjects of discussion is the symbiosis with the endosymbiotic bacteria found 
in the bacteriocytes in the Glands of Deshayes. The bacteria location (the gills and not the 
digestive system as in other wood-eating animals) and importance related to wood 
digestion (production of fixed nitrogen, lignocellulolytic enzymes, antibiotics and other 
metabolites) is clear; however, the mechanism by which the digestive CAZymes produced 
by the bacteria are selected among other secreted bacterial proteins and are able to travel 
to the digestive system, and eventually end up in the distant caecum for wood digestion 
are still open to debate. In this thesis, the food groove is proposed as a route by which the 
enzymes could be transported to the caecum. The food groove (described in section 
1.3.5.4) is a stream of mucus propelled by the movement of cilia, which transports food 
particles from the gills surface to the animal’s mouth and the rest of the digestive system 
(Gosling, 2015). The food groove is routinely used by bivalve molluscs for transporting to 
the mouth the organic material that has been captured by filter feeding (Orton, 1912; 
Morton, 1970). It is the only known connection between the gills, a respiratory organ, and 
the digestive system, and is the most likely route for the bacterial enzymes to enter the 
caecum. 
The caecum, despite being nowadays recognised as not just the site for wood storage, but 
as a key organ for lignocellulose digestion and absorption (Betcher et al., 2012; O'Connor 
et al., 2014; Shipway, 2013), is not well characterised. Indeed, the biochemical evidence of 
its ability to digest wood is dated, imprecise, or uncomplete. Furthermore, the role of 
caecum tissue in the production of lignocellulolytic enzymes or other elements important 
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for the digestion process (such as sugar transporters dedicated to move glucose from the 
caecum lumen to the circulatory system or antibiotics aimed at reducing the bacterial 
population) has not been elucidated. Finally, there is a need for scanning electron 
micrographs to confirm the presence in the caecum lumen of wood fragments, and of the 
microvillar border and the typhlosole, which are structures that assist in wood digestion. 
The shipworm digestive glands are also of interest, because of their dual nature (production 
of enzymes and lignocellulose digestion) and because of the presence of the phagocytes 
(amoebic cells able to incorporate and digest wood fragments). These have previously only 
been evidenced by drawings, and require high-resolution imaging to confirm their 
existence and features in L. pedicellatus or other shipworm species. 
Finally, possibly the most intriguing but still rather mysterious organ of the shipworm is the 
crystalline style. This gelatinous rod, known to aid extracellular digestion in bivalves, has 
never been investigated in shipworms, in term of its composition and whether it plays a 
role in wood digestion.  
 
3.2 Aims of the chapter 
 
This chapter aims to explore the anatomy and the physiology of wood digestion in L. 
pedicellatus, to identify the main organs involved in the process and the underlying 
mechanisms. The work presented here builds on previously published work by further 
investigating unexplored areas and relevant aspects with novel techniques that will allow 
to draw a more precise picture of how wood is ingested, processed and digested by 
shipworms. 
 
The chapter will focus on the following aspects: 
 confirm the presence of bacteriocytes in the gills; 
 investigate the hypothesis that the food groove is the organ through which the 
bacterial CAZymes are transported from the gills to the caecum; 
 assess which component/s of the wood (cellulose, lignocellulose or lignin) are 
utilised for nutrition; 
 study the enzymatic properties of the gills, digestive glands and caecum content; 
 investigate the absorptive structures of the caecum (typhlosole and microvilli); 
94 
 
 confirm the dual structure of the gland (digestive/excretory) and the presence of 
phagocytes in the digestive portion and their role in intracellular wood digestion; 
 examine the structure of the crystalline style and confirm its involvement in 
extracellular wood digestion; 
 investigate the structure of the crystalline style sac; 
 explore the enzymatic properties of the crystalline style. 
 
3.3 Gills and food groove 
 
3.3.1 Investigation of gills and food groove 
3.3.1.1 Microscopy and in vivo assays of the gills and food groove 
The presence of bacteriocytes in the Teredinids gills is well established. However, at the 
start of this work it was necessary to confirm their presence in the gills of L. pedicellatus, 
to study their distribution along the hemi-ctenidia and to determine the path by which 
wood-degrading enzymes move from the gills to the caecum. Adult shipworms gills were 
dissected and longitudinal sections were stained with toluidine blue and observed by visible 
light microscopy, as shown in Figure 3.1.  
Figure 3.1. Lyrodus pedicellatus bacteriocytes location. Light microscopy (100x magnification) of a toluidine 
blue stained 0.5 μm longitudinal section of paraffin-embedded gill tissue. The bacteriocytes are visible along 
the single lamellae and white-stained vesicles mainly towards their apex. Picture by Clare Steele-King. 
 
lamellae’s apex 
bacteriocytes 
light-stained vesicles  40 µm  
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Bacteriocytes of different sizes (10-40 µm) are visible along the gill lamellae, but are not 
seen towards the gill apex or near the ventral area, where the food groove is formed. 
Structures similar to bacteriocytes in size and shape, which show lighter staining, are found 
along the lamellae, and appear to accumulate towards the gill apex. This area near the 
lamellae apex is normally filled with bacteriocytes, as can be seen in Figure 1.7. This 
suggests that the lightly stained vesicles could also be bacteriocytes, which stain in a 
different colour due to a different chemical composition.  
Figure 3.1 provides visualisation of the distribution of bacteriocytes along the gill lamellae; 
however, it does not add information on their movements within the gills and the digestive 
system. To enable this, shipworms were partially dissected (removing the mantle to expose 
the main organs) and incubated in a solution containing chromogenic substrates used for 
the histochemical determination of the presence of active glycosyl hydrolases. In the 
presence of an active enzyme, the chromogenic substrate – in this case x-cellobiose (5-
bromo-4-chloro-3-indolyl β-D-cellobioside) – is oxidised into an insoluble blue colour by the 
action of enzymes with cellulase activity  (Horwitz et al., 1964).  
 
Figure 3.2. Gills and food groove stained with x-cellobiose. Sections of the gill lamellae (A) and their apical 
area (B) showing the presence of green-blue vesicles along the lamellae and towards the food groove. C. 
Visualisation of part of the gills showing the vesicles within the lamellae and in the food groove, a line of blue 
dots along the gills. D. Picture focusing on the food groove, showing the stream of vesicles moving towards 
the mouth. Magnification 20x. 
lamellae 
lamellae 
C D 
A B 
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The tissues were examined under visible light microscopy (Figure 3.2) and yellow-green-
blue vesicles were observed in the gills lamellae, characterised by being of the same size 
(10-40 µm in diameter) and shape as the bacteriocytes seen with the toluidine blue 
staining, and covering the same area. These coloured vesicles seemed to accumulate 
towards the apex of the lamellae and were seen along the food groove, both proximally 
and distally to the gills, and close to the mouth area, therefore confirming the presence of 
cellobiohydrolase activity in these regions. These results suggest that the vesicles that are 
found in the gills filaments and contain the bacterial wood-degrading enzymes move to the 
apex of the lamellae to join the food groove, and are then translocated to the shipworm 
mouth by the action of the cilia. The movement of the vesicles appear to follow a similar 
route to food particles that have been captured by filter feeding, as reported in other 
bivalve mollusc (see section 1.3.5.4 for details).  
 
To gain a better understanding of the nature of these vesicles, and confirm the hypothesis 
that they are indeed bacteriocytes, gills and food groove were observed by transmission 
electron microscopy (TEM). In order to understand whether these vesicles travel as far as 
the mouth, an area of the food groove close to the gills (proximal) and one near the mouth 
(distal) were sectioned. The results are shown in Figure 3.3 for the gills and 3.4 for the food 
groove.  
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Figure 3.3. TEM of a section of gill lamina. A. Bacteriocyte containing numerous endosymbiotic bacteria and 
a big vesicle of unknown nature. B. Magnification of the area circled in the top figure to give a better view of 
the bacteria. Images by Meg Stark. 
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bacteria 
nucleus 
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Figure 3.4. TEM of a section of the food groove. Bacteriocytes containing several endosymbiotic bacteria are 
clearly visible both in the proximal (A) and distal (B) food groove. Images by Meg Stark. 
 
The TEM pictures of the gills confirm the presence of bacteriocytes packed with 
endosymbiotic bacteria in the area of the glands of Deshayes. Similar bacteriocytes are also 
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seen in the food groove, both in the proximal and distal regions, indicating that they are 
sloughed off the gills laminae and transported along the food groove in a mucus stream to 
the to the animal’s mouth, together with the CAZymes produced by the bacteria. The size, 
shape and path of coloured vesicles containing cellobiohydrolase observed in the in-vitro 
experiment with x-cellobiose is comparable to that of the bacteriocytes, indicating that 
they could indeed be symbionts-containing vesicles. 
 
3.3.1.2 Immunogold labelling of the gills and food groove 
The results presented in the previous sections show that vesicles containing active glycosyl 
hydrolases are found in the gill lamellae, at their apex and along the food groove all the 
way toward its distal section, suggesting that the food groove could indeed be the organ 
through which these enzymes are moved towards the digestive system. Intact 
bacteriocytes are also seen following the same path. However, the experiments did not 
manage to determine whether the activity (cellobiohydrolase) was due to an enzyme 
produced by the bacteria or by the shipworm, nor whether the enzymes are found within 
the bacteriocytes. Furthermore, these observations do not confirm whether the structures 
observed by TEM are the same as the vesicles that contain cellobiohydrolase activity. 
Cellobiohydrolases found in the caecum of L. pedicellatus are mainly transcribed by the 
bacteria in the gills and belong to the CAZymes classes GH5 and GH6, as will be explained 
in chapter 4, which presents the results of the transcriptomic analysis. In order to assess 
whether the vesicles containing bacteria in the food groove are associated with glycosyl 
hydrolases that might be responsible for the oxidation of the x-cellobiose, immunogold 
labelling was performed using an antibody raised against a recombinant bacterial GH5 
(details of its characteristic and expression are found in section 5.4), following the methods 
presented in chapter 2.2.4. Sections of the shipworm gills, food groove and caecum were 
used for the experiment, and the results are shown in Figure 3.5.
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Figure 3.5. Immunogold labelling of the gills, food groove and caecum. Staining (small black dots) representing the location of a bacterial GH5 (the recombinant LpsGH5_8 of chapter 
5) is seen in proximity of the bacteria in the gills and food groove and over and near the wood fragments in the cecum. The top pictures represent the actual experiment, while the 
bottom pictures are the negative controls performed with pre-immune serum to show the absence of gold particles. b=bacteria. Images by Clare Steele-King.
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Specific labelling against the bacterial GH5 was observed inside bacteriocytes visualised in 
gills and food groove sections, where gold staining was seen associated to the bacteria only, 
indicating the presence of the secreted protein. In the caecum section, labelling was 
observed on and around the wood fragments. Negative controls using pre-immune serum 
showed no labelling in the same tissues, indicating high specificity for the antibody. These 
experiments indicate that the food groove is the most probable route by which bacterial 
enzymes are transported from the gills to the caecum in L. pedicellatus. The enzyme 
appears to be secreted by the bacterial cells, since it was only seen in proximity of the 
bacteria, but it was not possible to determine whether it was also found outside the 
endosymbionts containing vesicles or outside the bacteriocytes. Indeed, the tissues 
embedding stage – which was attempted many times - was extremely difficult due to the 
presence of large amount of mucus, and therefore the sections obtained were of poor 
quality, containing many holes, not allowing a clear visualisation of the fine details of the 
tissues.  
 
3.3.1.3 In vitro activity assay of the gills 
The ability of the bacteria to produce lignocellulolytic enzymes was first shown by 
Waterbury in 1983, when he was able to isolate Teredinibacter turnerae – one of the main 
shipworm endosymbionts – from various shipworms species, including L. pedicellatus, and 
demonstrated that it can digest cellulose. Further progress was made when other authors 
succeeded in purifying and characterising an extracellular endoglucanase secreted from 
bacteria cultured from the shipworm’s Gland of Deshayes (Greene et al., 1988) and 
recombinantly expressed a multifunctional cellulase from T. turnerae (Ekborg et al., 2007). 
In 2007 the complete genome of T. turnerae was published (Yang et al., 2009) giving access 
to the full range of CAZymes encoded by this bacterium, which number more than 100. The 
sequenced genome also showed how T. turnerae is well adapted to the digestion of 
terrestrial wood material, in contrasts to its close relative Saccharophagus degradans, 
which have enzymes to digest also plant, fungal and algal polysaccharides. Finally, 
O’Connor in 2014 sequenced the metagenome of endosymbionts cultivated from the 
shipworm B. setacea, and identified numerous CAZymes modules and associated CBMs, 
consistent with their role in the degradation of plant cell wall polysaccharides. However, 
the above publications might show only part of the CAZymes that are actually produced by 
the endosymbionts, as the authors relied solely on those bacteria that could be cultivated 
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from the shipworm gills, which represent only 10% of the whole community (Luyten et al, 
2006). Indeed, T. turnerae is so far the only shipworm endosymbiont whose different 
strains can be successfully and reproducibly cultivated. The rest of the consortium, which 
is thought to be composed of closely related but distinct bacteria (Distel et al., 2002a), have 
not been cultured or studied so far. 
 
With the view of further investigating the ability of the endosymbiotic bacteria to digest 
different types of substrates, in vitro assays with a range of polysaccharide substrates were 
performed, with the release of reducing sugars detected with 3,5-dinitrosalicylic acid 
(DNS), which records the amount of reducing sugars produced (Miller, 1959). The gills of 
six adult L. pedicellatus were dissected and homogenised in a non-reducing buffer 
containing protease inhibitors, to preserve enzymatic activity. The obtained material was 
sonicated to disrupt the cells and release the contents, and after centrifugation the 
supernatant was measured for protein levels (Bradford, 1976). The DNS reducing sugars 
assay was performed using thirteen different substrates, which included pachyman, 
phosphoric acid swollen cellulose (PASC), carboxy methyl cellulose (CMC), xylan, 
xyloglucan, arabinoxylan, arabinogalactan, mannan, glucomannan, locust bean gum (LBG), 
galactan, lichenan and avicel. The results are shown in Figure 3.6.  
 
Figure 3.6. Enzymatic activity of gill extracts on a range of polysaccharide substrates. The 50 µl reactions 
contained 2.5 μg of gill soluble protein, substrates at a concentration of 0.1%, 50 mM sodium phosphate 
buffer pH 7.6 and were incubated for 20 hours. 
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These assays show that the gills contain a range of CAZyme activities on a variety of 
different polysaccharides. The substrates that produced the highest amount of reducing 
sugars are LBG, xylan, mannan and glucomannan, indicating that the gills enzymes are 
particularly suited for the digestion of glucans, mannans and xylans. Activity on PASC shows 
that there is substantial cellulase activity, although it is low against the more crystalline 
avicel substrate. These results support the known lignocellulose degrading ability of the 
gills endosymbiotic bacteria, which are adapted for the degradation of woody material. 
Little activity was recorded on xyloglucan or CMC, indicating little endoglucanase activity, 
suggesting that the cellulases present are likely to be processive cellobiohydrolases. There 
was little activity on arabinogalactan and lichenan. 
 
3.4 Caecum  
 
3.4.1. The wood-degrading properties of the caecum 
The published biochemical evidence that the caecum has a role in wood digestion is rather 
sparse, circumstantial and dated. One of the first authors who investigated this problem in 
a chemical rather than biological way was Harington (1921), who dissected and 
homogenised what he called “liver” of Teredo norvegica, mixed it with various substrates 
and observed the presence of reducing substances every 24 hours, concluding that an 
enzyme of some nature was able to reduce sawdust into glucose. However, it is not clear 
whether the “liver” he used for his experiments was the digestive gland or the caecum, 
giving therefore no further information on the role of this organ. Another experiment to 
study the digestive abilities of the same shipworm species was performed a few years later 
by comparing the chemical composition of the shipworm faeces (called frass) to that of the 
original wood that the animals bored into, with the view of comparing qualitatively and 
quantitatively the changes that occur to the wood by passing through the digestive system 
(Dore and Miller, 1923). The results indicated that shipworms utilise 80% of the cellulose 
found in wood and part of the hemicellulose (from 15 to 56%); however, the work was not 
able to point out which organ was responsible for the digestion of those components of 
the woody material. 
Miller and Boyton (1926) performed a reducing sugar assay with the Benedict-Ostenberg 
method (Thomas and Dutcher, 1924) on the caecum and the original wood in which the 
shipworms of the species Bankia setacea were grown, and showed a four-fold increase in 
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the reducing sugars content, indicating wood digestion activity in the caecum. It is not clear 
though whether the whole caecum was used or rather just the contents and the way the 
organs were dissected and prepared.  
Reducing sugar assays on cellulose following the Park and Johnson method (Park and 
Johnson, 1949) were also used with Teredo navalis, whose internal organs were dissected 
and divided in a pre-caecal portion - anterior to the caecum but excluding the shells and 
muscles - and a post-caecal one - caecum, intestine, gonads and shreds of the mantle - 
(Greenfield and Lane, 1953). The results showed that the post-caecal portion contained 
twice the activity seen in the pre-caecal one, suggesting that either the cellulolytic enzymes 
are produced there, or they are secreted in the anterior portion and then concentrated in 
the posterior one. However, as the author themselves pointed out, the organs were not 
tested separately; therefore, it is difficult from this work to understand precisely where the 
cellulolytic activity was localised.  
Liu and Townsley (1968) used labelled glucose to follow the sugar degradation in the 
caecum of the shipworm species Bankia setacea. They found high concentration of free 
glucose (19.4 mg/g of caecum dry weight), soluble proteins and the presence of cellulase 
and other enzymes, as well as various metabolic intermediates resulting from the 
degradation of glucose, indicating that the caecum might be the place were nutrient uptake 
and absorption take place. Later work reported the presence of 23 different enzymes 
associated with the digestion and synthesis of glucose, including a cellobiase, all of which 
were thought to be endogenous and not of bacterial origin (Liu and Walden, 1970). 
 
There is a wide gap in the literature from the experiments just described and recent 
research aimed at confirming the role of the caecum in lignocellulose digestion. Betcher 
and colleagues in 2012 used FISH (Fluorescence In Situ Hybridisation) and laser scanning 
confocal microscopy with 16S rRNA directed oligonucleotide probe to show that the 
caecum of five different species of shipworms (including L. pedicellatus) hosts very few 
bacteria, which therefore probably contribute very little to lignocellulose degradation in 
this organ. It was later confirmed, using genome-enabled proteomic methods (O'Connor et 
al., 2014), that the bacterial enzymes found in the caecum come from the endosymbionts 
found in the gills, and that up to 98% of the prokaryotic proteins found in the caecum are 
categorised as “plant cell wall polysaccharides active enzymes”, thus demonstrating the 
involvement of both the bacteria and the caecum in wood digestion. The same authors 
105 
 
performed ultrafiltration of the caecum extract, and fractionated the proteins, managing 
to isolate some lignocellulolytic proteins, though they focused solely only bacterial 
proteins. The presence of shipworm encoded wood-degrading enzymes in the caecum of 
L. pedicellatus was also investigated using RNA-sequencing methods (Shipway, 2013), 
showing that there was only a limited role of the caecum tissue in lignocellulolytic enzymes 
production. 
 
3.4.2 Investigation of the lignocellulolytic activities of the caecum 
In order to close the gaps in our current knowledge and describe in detail the precise role 
of the caecum in the digestion of wood in the shipworm L. pedicellatus, a series of 
experiments were performed, which employed different biological and chemical 
techniques ranging from compositional analysis of wood versus frass, to transmission 
electron microscopy (TEM) of the caecum tissues, enzymatic assays and protein 
identification of SDS-PAGE gel bands of the caecum contents and liquid chromatography of 
the digestion products of a mixture of wood and caecum extracts. In addition, the protein 
composition of the caecum content was analysed by trypsinolysis followed by liquid 
chromatography and tandem mass spectrometry (LC-MS/MS), and the level of 
transcription of CAZymes in the caecum analysed by sequencing the RNA isolated in its 
tissues. The results obtained from these last two techniques will be presented in the 
chapter 4, which is dedicated to the proteomic and transcriptomic analysis of the shipworm 
digestive organs. 
 
3.4.2.1 Transmission electron microscopy of the caecum 
Our initial approach was to analyse the caecum tissues by TEM in order to understand in 
detail its ultrastructure, which in turn may provide support for its functional role. The caeca 
of three adult L. pedicellatus were freshly dissected and were embedded and sectioned for 
TEM analysis (details of the materials and methods are in section 2.2.3). The most 
representative pictures obtained are shown in Figure 3.7.   
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Figure 3.7 Caecum and typhlosole in L. pedicellatus visualised by TEM. A. Section of the caecum showing 
numerous mitochondria and large amount of cilia projecting from its epithelium. B. Section through the 
microvillar epithelium, with wood on top of the microvilli. C. Different section of the caecum showing its 
lumen on the right side of the picture, where fragments of woods are clearly visible. The caecum wall is on 
the left side, with a thick layer of microvilli covering it. D. Section of the caecum typhlosole, showing the 
caecum lumen on the left top and the typhlosole lumen on the bottom right. The typhlosole wall has a 
microvillar border only on the caecum lumen side. Images A and B from Anna Simona, C and D from Clare 
Steele-King. 
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These micrographs are the first TEM images of the caecum of L. pedicellatus. They show 
very clearly the presence and extent of the microvillar and ciliary borders along the caecum 
walls, with details of their structure and information about their thickness and area 
coverage. Previously only SEM pictures were available, obtained from other shipworm 
species. Picture 3.7B and C show the presence of wood fragments in the caecum lumen and 
on top of the microvilli; this is not a new finding, since wood has been reported in the 
caecum since Sigerfoos’s description of it in 1908, however photographic evidence had not 
been available until now. The picture of the typhlosole with the layer of microvilli on the 
caecum lumen side is useful in confirming the role of this structure in the absorption of 
nutrients.  
 
3.4.2.2 Compositional analysis of wood versus frass 
In order to understand which components of the wood are utilised by L. pedicellatus for 
nutrition, and what type of changes occur in the wood while passing through its digestive 
system, the compositional analysis of wood versus frass performed by Dore and Miller in 
1923 was repeated. Indeed, this information is very relevant when collecting information 
about the caecum, as we now know that it is the main organ involved in the degradation 
of the wood and in the absorption of sugars, therefore it can be assumed that the changes 
in the wood composition are mainly due to the caecum. The compositional analysis was 
performed using more recent protocols compared to the ones used 1923 (see materials 
and methods in chapter 2 for details), allowing a more detailed view of lignocellulose 
composition, analysing the different components of the hemicellulosic fraction and 
quantifying ash and silica. The wood that was used for the analysis was softwood from Scots 
pines, which was the same on which the shipworms used for this thesis were grown. The 
frass was collected by regularly filtering the water in the tank on filter paper and drying it 
at 30 °C until all the moisture was lost. Only shipworms – no other woodborers - were 
grown on the wood. The results obtained are shown in Figure 3.8 and 3.9. 
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Figure 3.8. Compositional analysis of wood versus frass in L. pedicellatus. A. The graph shows the amounts 
(as µg/g of biomass) of the different fractions of wood (cellulose, hemicellulose, lignin, ash and silica) before 
(wood) and after (frass) passing through the shipworm’s digestive system, giving a picture of which fractions 
have mainly been digested. B. Re-analysis of data from A considering only cellulose, hemicellulose and lignin, 
presented as percentage of the total of the three fractions. The wood analysed was Scots pine. The error bars 
indicate the standard deviation of the five replicates. 
 
The results of the compositional analysis are similar but more detailed to what Dore and 
Miller published in 1923. Their analysis showed that 80% of the cellulose was digested by 
the shipworm, which is a very high amount and indicates that Teredinids are almost as 
efficient as higher termites in digesting the cellulose they ingest (Sun et al., 2013). Our 
analysis showed (Figure 3.8A) that L. pedicellatus is able to utilise 70.4% of the cellulose 
that is available in the wood they ingest. The amount is lower but still surprisingly similar 
to that obtained 95 years ago. The hemicellulose fraction is also degraded by L. pedicellatus, 
A 
B 
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with almost 54.7% of it being lost after digestion, a similar but more precise result from 
Dore and Mille, who could only approximate the amount of hemicellulose lost to a range 
from 15 to 56%. Lignin also appears to decrease by about 28% during the digestion process. 
There is a large increase in ash content in the frass, but it is not clear what the origin of this 
is, and a compositional analysis of this would be beneficial in the future. In order to focus 
on the lignocellulosic fraction, the data were reanalysed, this time only considering the 
lignocellulosic fraction of wood and therefore excluding ash and silica, and calculating the 
percentage of each fraction among the total. The results, presented in Figure 3.8B, highlight 
how cellulose is indeed the component most utilised by the shipworm, that hemicellulose 
is only marginally digested and that lignin instead accumulates in the frass sample and 
therefore appears not to be utilised by the shipworm (Oevering et al., 2003), indicating that 
the other component of wood are preferentially degraded. The data though should take 
into account of the amount of mass that is lost after the digestion of wood by the 
shipworm, and should be normalised to that value; unfortunately, no mass loss experiment 
are available for any species of shipworm at present, therefore it was not possible to take 
this into account. 
 
 
Figure 3.9. Compositional analysis of the hemicellulosic fraction of wood versus frass in L. pedicellatus. The 
wood analysed was Scots pine. The error bars indicate the standard deviation of the five replicates. 
 
Since the hemicellulose fraction seems to be at least partially digested by the shipworm, it 
was examined in detail, comparing the original wood with the frass. The results, presented 
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in Figure 3.9, show how mannose is the main sugar in hemicellulose targeted by L. 
pedicellatus, decreasing of 29.9% percent in the frass (paired t-test, p=0.0093). Xylose 
decreases of 4.3% compared to the original wood, but the result is not statistically 
significant (paired t-test, p=0.3660), possibly due to the variability of the original data for 
the frass, hence the significant standard deviation. Glucose and arabinose seem to reduce 
only very slightly in the frass, with the results not being statistically significant (paired t-
test, p=0.2222 and 0.3333, respectively). Other sugars, such as galactose and galacturonic 
acid, accumulate in the frass (paired t-test, p=0.0024 and 0.0002, respectively) and, 
therefore, are probably not utilised for nutrition by the shipworm.   
 
3.4.2.3 In vitro activity assay of the caecum fluids 
The results above give an overview of L. pedicellatus’ ability to obtain sugars from 
lignocellulose, as well as details of which ones are utilised. To be able to efficiently break 
down wood into single sugars the shipworms must be endowed with a wide range of 
lignocellulolytic enzymes in the caecum. The ability of these enzymes to act on different 
types of substrates was investigated previously by some authors (Harington, 1921; Miller 
and Boynton, 1926; Greenfield and Lane, 1953), which however were only able to report 
an increase in the presence of reducing sugars in the caecum or posterior part of the 
digestive system, but not in identifying the organ where the activity is located or to quantify 
the release of reducing sugars and compare it among different substrates. To further 
investigate the lignocellulolytic activity of the enzymes of the caecum of the shipworms, 
the caeca of ten adult L. pedicellatus specimens were dissected and the caecum fluids were 
extracted in a non-reducing buffer, to preserve enzymatic activity (details of the materials 
and methods are in section 2.8.1). After centrifugation, the presence and abundance of 
proteins in the combined supernatant was assessed with the Bradford method, and the 
soluble proteins were tested for cellulolytic activity with the dinitrosalicylic acid (DNS) 
colorimetric method. Thirteen different polysaccharides were chosen for the assay, in 
order to have a range of different substrates, including pachyman, PASC, CMC, xylan, 
xyloglucan, arabinoxylan, arabinogalactan, mannan, glucomannan, LBG, galactan, lichenan 
and avicel. The results are shown in Figure 3.10.  
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Figure 3.10. Enzymatic activity of soluble caecum fluids on a range of polysaccharide substrates. The 50 µl 
reactions contained 2.5 μg of digestive caecum fluid protein, substrates at the concentration of 0.1%, 50 mM 
sodium phosphate buffer pH 7.6 and were incubated for 20 hours. The results for the caecum are shown in 
light blue, while the ones in grey are from the gills and have been added to the graph for comparison.  
 
The in vitro assays show that the soluble proteins found in the caecum of L. pedicellatus 
have activity against a range of polysaccharides associated with lignocellulosic biomass. 
Galactan, mannan, glucomannan, LBG and xylan give the highest amount of reducing sugars 
release, indicating that the shipworm enzymes are very well suited for digesting glucans, 
mannans and xylans, which are the most abundant polysaccharides in gymnosperm wood 
such as Scots pine, the substrate on which they were feeding (Fengel and Wegener, 1989; 
Moreira and Filho, 2008). These results support the data obtained from the compositional 
analysis, indicating that mannan and xylan are the hemicellulose components mostly 
digested in the caecum. The enzymes found in the caecum do not seem to be able to act 
on crystalline cellulose, as incubating on Avicel did not produce any reducing sugars, and 
the results are similar for CMC, pachyman, lichenan and arabinogalactan. The caecum 
seems to have the ability to degrade a wider panel of substrates compared to the gills 
(results presented in section 3.3.1.4), indicating that the lignocellulolytic capability of the 
endosymbiotic bacteria does not account for the full range of degradation seen in the 
caecum fluids. 
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3.4.2.4 Caecum protein identification 
The results obtained show the wood degrading ability of L. pedicellatus and indicate which 
substrates it is more adapted to digest. However, details on the nature and relative 
abundance of the enzymes found in the shipworm caecum and responsible for 
lignocellulose breakdown are sparse. Previous publications have shed some light on the 
nature of these enzymes, highlighting the presence of glycosyl hydrolases and LPMOs 
(O'Connor et al., 2014; Shipway, 2013), but these works were skewed either towards the 
bacterial or shipworm enzymes and did not include a proper estimation of the abundance 
of the identified proteins in the main organ involved in wood digestion, the caecum. In 
order to try to identify and measure the abundance of CAZy proteins in the shipworm 
caecum, the caeca of five animals were dissected and the fluids were extracted. 1% SDS, 
10% glycerol, 0.1% bromophenol blue and 100 mM 2-mercaptoethanol were added, the 
sample was boiled for 10 minutes at 100 °C and centrifuged, and the supernatant was 
subjected to SDS-polyacrylamide gel electrophoresis in order to separate the caecum total 
proteins on the basis of molecular mass (Figure 3.11). The most intense and sharp bands 
obtained were excised from the gel and subjected to trypsinolysis and MALDI-TOF/TOF 
tandem mass spectroscopy, and the obtained spectra were matched to the EST nucleotide 
database obtained from sequencing the RNA extracted from the main digestive organs of 
L. pedicellatus: caecum, digestive glands and gills (details on the transcriptomics analysis 
are presented in Chapter 4)
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Figure 3.11. SDS-PAGE of the total protein of L. pedicellatus caecum fluids. The black rectangles on the gel on the left show the bands that were cut out for analysis and the table on 
the right presents the results of the protein identification. The annotation was performed against the L.pedicellatus RNAseq database and shows, for each band, the contigs that 
were identified (contig name) with their annotation, species, domain they belong to (domain) and CAZy modules. One match could not be identified in our database and was 
therefore matched against the NCBI nrdb. The CAZymes are shown in bold. # denotes the number of matches found for the corresponding peptide. 
Band  Contig name Annotation Species Domain CAZy modules # 
1 
c178040_g3_i1 lactase-phlorizin hydrolase-like  Crassostrea virginica Eukaryotes GH1+GH1+GH 3 
c178040_g1_i1 lactase-phlorizin hydrolase-like  Mizuhopecten yessoensis Eukaryotes GH1+GH1 2 
c175047_g4_i1  lactase-like protein Larimichthys croceas Eukaryotes GH1 1 
2 
c176344_g1_i4 cellulase  Corbicula japonica Eukaryotes GH9 2 
c124310_g1_i1 collagen alpha-4(VI) chain  Mizuhopecten yessoensis Eukaryotes none 1 
c178040_g3_i1 lactase-phlorizin hydrolase-like  Crassostrea virginica Eukaryotes GH1+GH1+GH1 1 
3 
c176344_g1_i4 cellulase  Corbicula japonica Eukaryotes GH9 1 
c178040_g3_i1 lactase-phlorizin hydrolase-like  Crassostrea virginica Eukaryotes GH1+GH1+GH1 1 
4 
c179345_g2_i11 beta-mannosidase-like  Mizuhopecten yessoensis Eukaryotes unknown 5 
c178089_g2_i1 beta-mannosidase  Crassostrea gigas Eukaryotes GH2 2 
c172204_g1_i1 uncharacterized family 31 glucosidase KIAA1161  Crassostrea gigas Eukaryotes GH31 1 
5 
c165240_g2_i2 histone H2A.V  Diaphorina citri Eukaryotes none 1 
c165524_g1_i1 cytoplasmic aconitate hydratase-like  Crassostrea virginica Eukaryotes GH9 1 
6 
c176917_g2_i1 glycosyl hydrolase family 5_53  Alteromonadaceae bacterium Prokaryotes GH5_53 2 
c165524_g1_i1 cytoplasmic aconitate hydratase-like  Crassostrea virginica Eukaryotes GH9 2 
7 
c142397_g1_i1 actin, alpha skeletal muscle  Crassostrea gigas Eukaryotes none 1 
c167657_g1_i1 beta actin  Hippoglossus hippoglossus Eukaryotes none 1 
c167657_g3_i1 beta-actin  Clarias gariepinus Eukaryotes none 1 
c169024_g2_i1 mannan endo-1,4-beta-mannosidase  Mizuhopecten yessoensis Eukaryotes GH5_10 1 
8 
c88022_g1_i1 mannan endo-1,4-beta-mannosidase  Mizuhopecten yessoensis Eukaryotes none 2 
c166651_g1_i1 serine protease  Hyriopsis cumingii Eukaryotes none 1 
c177415_g1_i10 aldose 1-epimerase-like  Lingula anatina Eukaryotes none 1 
c177885_g3_i1 glyceraldehyde-3-phosphate dehydrogenase  Bifiguratus adelaidae Eukaryotes none 1 
c178818_g1_i1 glutamine synthetase  Tridacna squamosa Eukaryotes none 1 
9 
c165315_g1_i2 glycosyl hydrolase family 5_8 Alteromonadaceae bacterium Prokaryotes GH5_8+CBM10+CBM2 1 
c177001_g2_i1 glycosyl hydrolase family 5_8 Alteromonadaceae bacterium Prokaryotes GH5_8+CBM10+CBM2 1 
c173057_g5_i1 growth factor-beta-induced protein ig-h3  Crassostrea gigas Eukaryotes none 1 
c168880_g1_i1 beta-Ig-H3/fasciclin  Rhodopirellula sp. TMED11 Prokaryotes none 1 
c157067_g1_i1 serine protease  Hyriopsis cumingii Eukaryotes none 1 
c166928_g1_i1 growth factor-beta-induced protein ig-h3  Crassostrea gigas Eukaryotes none 1 
10 
c173837_g2_i2 auxilliary activity family 10 Alteromonadaceae bacterium Prokaryotes AA10+CBM10 2 
none acetylxylan esterase / xylanase  Teredinibacter turnerae Prokaryotes GH10+CBM5+CBM10+CBM50 1 
11 
c169869_g1_i2 1,4-beta-xylanase  Cellvibrio sp. OA-2007 Prokaryotes GH11+CBM10+CBM5 2 
c169869_g1_i1 1,4-beta-xylanase  Cellvibrio sp. OA-2007 Prokaryotes GH11+CBM10+CBM5 2 
c86197_g1_i1 endoglucanase-like  Crassostrea gigas Eukaryotes GH45 2 
12 
c177344_g8_i1 transgelin-like protein-3  Mytilus coruscus Eukaryotes none 1 
c176807_g3_i1 plant cell wall polysaccharide active protein  Alteromonadaceae bacterium Prokaryotes GH134 1 
13 
c164057_g1_i1 galectin  Hyriopsis cumingii Eukaryotes none 2 
c168473_g1_i2 universal stress protein A-like protein  Crassostrea gigas Eukaryotes none 2 
c176446_g1_i1 uncharacterised  Lottia gigantea  Eukaryotes none 2 
c145250_g1_i1 epididymal secretory protein E1  Monopterus albus Eukaryotes none 1 
14 no match chain A, Crevice-Forming Mutants Of Bpti Bos taurus Eukaryotes none 1 
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The proteins identified above probably represent only a fraction of those present in the 
caecum fluids, as some are not abundant enough to be singled out by MALDI-TOF/TOF 
tandem mass spectroscopy or the band is too faint to be seen on the gel. However, they 
probably are a good representation of the most abundant enzymes found in the caecum 
contents. This protein fraction was eluted with SDS and may have released enzymes not 
present in the fraction assayed for activity (which was extracted without SDS), since this 
solvent elutes proteins bound to the wood fragments in the caecum. The protein 
identification results show that most of the bands contain endogenous rather than 
bacterial proteins even when looking only at CAZymes, though precise abundance 
estimates cannot be inferred from gel bands, as one band could contain more than one 
protein. The shipworm CAZymes dominate the upper part of the gel, as they are proteins 
with a higher molecular weight, including the multi-modular GH1 that has a molecular mass 
of around 300 kDa (Sabbadin et al., 2018b). Notable is also a cellulase with two GH9 
domains that appears in a band over 250 kDa, though the nucleotide sequence encoding 
for that protein could not be cloned during this project and the band could represent a 
dimer or multimer. Most of the CAZymes present in the caecum, particularly those of 
bacterial origin, are multimodular proteins that are characterised by the presence of GH, 
AA and CBM domains, which allow the proteins to bind to the substrate, thus enhancing 
the protein catalytic efficiency (Hashimoto, 2006).  
 
In order to identify the proteins in the caecum that are tightly bound to the wood from 
those that are present in the fluids, some caecum fluids were centrifuged before adding 
SDS, and the denaturing buffer was applied to the obtained pellet. The supernatant was 
also used to check for proteins not bound to the wood by adding denaturing buffer to it. 
After centrifuging, both samples were placed at 100° C for 10 minutes and then subjected 
to SDS-gel electrophoresis (Figure 3.12). The bands were not subjected to trypsinolysis and 
MALDI-TOF/TOF tandem mass spectroscopy, but were identified based on the molecular 
mass from the gel in Figure 3.11. 
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Figure 3.12. SDS-PAGE of the proteins isolated from L. pedicellatus caecum. The figure shows on the left the 
bands found in the total protein sample (same as figure 3.16), in the middle those of the sample with only 
the proteins attached to wood and on the right those for the proteins associated to the fluids (soluble 
fraction).  
 
The figure shows that the vast majority of the bands identified in the total protein sample 
are also seen in the soluble fraction. The only exemption is the third band from the top, 
which contains two endogenous proteins, a multimodular GH1 and a cellulase with two 
GH9 domains, both mentioned above. These two proteins must be tightly bound to the 
wood and can only be separated from it by using strong denaturing agents. The fraction 
with proteins bound to wood presents fewer bands than the other two fractions, indicating 
that only some proteins bind tightly to the timber. Most of the proteins located in this 
fraction are also seen in the total protein sample, suggesting that they are at least partially 
soluble. The forth band from the top of the soluble fraction, containing two GH2 and a 
GH31, all of eukaryotic origin, does not appear in the sample bound to wood. 
 
 
 
 
kDa 
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3.5 Digestive glands  
 
3.5.1 Investigation of the digestive glands  
3.5.1.1 Microscopy of the digestive glands 
The only evidence for the presence of wood containing phagocytes in the digestive glands 
is at present the drawing presented by Potts in her publication in 1923 (see chapter 1.3.5.4). 
In order to substantiate this work and to find out whether the phagocytes exist also in L. 
pedicellatus, posterior digestive glands from adult specimens were dissected and prepared 
for light microscopy and TEM. Figures 3.13-3.15 present the images obtained of the 
“digestive” portion of this digestive gland, and confirm the presence of the phagocytes 
containing wood fragments. 
 
Figure 3.13. Light microscopy of the “digestive” portion of the digestive glands of adult L. pedicellatus. A. 
Section of the gland showing wood (W) in the lobules. The picture was obtained by pressing the gland against 
the coverslip, so that the lobules would break and release the phagocytes, similar to the procedure used by 
Potts (1923). Magnification 20x. B. and C. Zoom into the lobules showing phagocytes (P) containing wood.  
Magnification 100x. Pictures by Federico Sabbadin. 
A 
B C 
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Figure 3.14. TEM image from the “digestive” portion of the digestive glands of L. pedicellatus. Both 
micrographs present an overall view of a gland lobule, with the digestive epithelium and the lumen containing 
wood fragments (W). A phagocyte emitting pseudopodia is visible on the right bottom corner of A. Microvilli 
and cilia are present on the epithelium shown in B. Images by Meg Stark. 
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Figure 3.15. TEM image of phagocytes found in the “digestive” portion of the digestive glands of L. 
pedicellatus. A. Micrograph showing a phagocyte from the digestive epithelium, emitting pseudopodia and 
containing wood-filled vesicles. Wood is also visible in the lumen. B. Close-up onto a phagocyte, showing 
numerous wood-containing vesicles and mitochondria. Images by Meg Stark. 
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These images show that the lumen of the “digestive” portion of the digestive glands is filled 
up with wood fragments. As described by Potts, the epithelium of this portion is thin and 
characterised by the presence of amoebic cells, the phagocytes, which can detach from the 
epithelium and engulf wood particles by the action of pseudopodia. Picture 3.15 shows one 
of these phagocytes with projected pseudopodia, while numerous fragments of wood can 
be seen in vesicles within the cell. Microvilli cover the apical epithelium to help increasing 
the surface area, and cilia are found in the glands duct and partially in the lumen to assist 
the movement of wood fragments.  
 
The “excretory” portion of the posterior digestive gland was also observed under TEM, and 
the results are shown in Figure 3.16. 
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Figure 3.16. TEM images of the “excretory” portion of the digestive glands of L. pedicellatus. The top image 
shows a lobule of the gland, with excretory cells on the right side and digestive cells (D) on the left. The 
excretory cells present an extensive endoplasmic reticulum (ER) and numerous mitochondria (m) and 
microvilli on their epithelium. The bottom image shows close ups of the excretory cells, showing in detail the 
endoplasmic reticulum (left picture) and the Golgi apparatus (G) with secretory vesicles (right picture). Images 
by Karen Hodgkinson. 
 
This portion of the gland is characterised by cells that present the typical cytology of 
secretory cells. Indeed, the epithelium is columnar and the cells present a well-developed 
endoplasmic reticulum, coupled with Golgi apparatus and secretory vesicles that transport 
the products of the cells to the external environment. Mitochondria provide the energy for 
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the secretion of high amount of enzymes. Microvilli are also present on the apical 
epithelium.  
 
3.5.1.2 In vitro activity assay of the digestive glands 
In order to assess the ability of the digestive gland to degrade different polysaccharide 
substrates, and to compare it to the gills and the caecum, an in vitro DNS reducing sugar 
assay was performed with the soluble contents. The digestive glands of five adult L. 
pedicellatus were dissected and homogenised in a non-reducing buffer containing protease 
inhibitors. The obtained material was sonicated to disrupt the cells and release the 
contents, and after centrifugation the supernatant was tested with the Bradford method 
to estimate protein abundance. The DNS reducing sugars assay was performed on thirteen 
different substrates, including pachyman, PASC, carboxy methyl cellulose (CMC), xylan, 
xyloglucan, arabinoxylan, arabinogalactan, mannan, glucomannan, LBG, galactan, lichenan 
and avicel. The results are shown in Figure 3.17.  
 
 
Figure 3.17. DNS reducing sugars assays of the digestive glands after incubation for 20 hours on a range of 
substrates. The 50 µl reactions contained 2.5 μg of digestive gland soluble protein, substrates at the 
concentration of 0.1% and 50 mM sodium phosphate buffer pH 7.6. The results for the digestive gland are 
shown in light blue, while the ones in grey are from the gills and caecum and have been added to the graph 
for comparison.  
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The graph shows that the enzymatic activities of the digestive glands have a similar pattern 
to those of the caecum, with galactan, glucomannan, mannan, LBG and xylan giving the 
highest amount of sugar release. This indicates that the enzymes produced by the digestive 
glands are suited for the digestion of glucans, mannans and xylans. No or very little activity 
was recorded on Avicel or CMC. The difference between gland and caecum is mainly in the 
amount of sugars released, with the caecum producing much more sugars than the gland. 
This can be explained, because while in the caecum the lignocellulolytic digestive enzymes 
are concentrated, in the glands many different enzymes are found, including those that are 
not related to wood digestion; this would give a lower signal compared to the caecum, 
since the same quantity of protein was used overall, but probably a lower quantity of 
digestive enzymes. Furthermore, the caecum includes both bacterial and endogenous 
enzymes while the gland should only contain enzymes produced by the shipworm. 
 
3.6 Crystalline style  
 
3.6.1. Investigation of crystalline style and its sac 
3.6.1.1 Light and electron microscopy of the crystalline style and its sac 
Despite being identified in 1686 (Heide, 1892), and being an unusual organ, the literature 
on the crystalline style is far from extensive and its function still remains largely unknown. 
The studies published so far focus mainly on the crystalline styles of bivalves, while 
publications on gastropods are rare. The structure and histology of the style and its sac rely 
mainly on drawings and descriptions of what was observed under the microscope, being 
most the publications from the 1970s or earlier. Only a few publications present light or 
electron microscopic pictures of the style or the sac, for a very limited number of species 
of non-shipworm bivalves only (McQuiston, 1970; Kristensen, 1972; Judd, 1979; Tall and 
Nauman, 1981). No work on the crystalline style of shipworms has been previously 
published. 
 
The style of molluscs varies between species, even among bivalves, which is a consequence 
of the varied habitats in which they live (Alyakrinskaya, 2001). As a general rule, the style 
can be described as a hyaline cylindrical rod, whose posterior end is round, while its 
anterior side is more elongated and often presents a thinner tip. Food detritus is often seen 
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on the apex of the style, followed by a more bulbous area and a sort of collar (Figure 3.18). 
The core of the style has a granular appearance (Kristensen, 1972) and is described to have 
a concentric layered structure (Edmondson, 1920; Alyakrinskaya, 2001).  
 
Figure 3.18. Schematic representation of a typical bivalve crystalline style as described by Kristensen in 1972. 
a) lump of food detritus, b) tip, c) fine particles embedded in mucus, d) bulbous area, e) collar-like structure, 
f) coarse lamellae and g) central granular area. 
 
In order to find out whether the style of shipworms is similar to that of other bivalves, styles 
were dissected from adult L. pedicellatus individuals and were observed under light 
microscopy, after a wash with pure water to eliminate any attached debris resulting from 
the dissection. The results are shown in Figure 3.19 and illustrate how the style of 
shipworms is structurally similar to those of other bivalves, showing a round border on its 
posterior side and a thin tip on the anterior end, a bulbous area after the tip and a collar-
like structure. The posterior side appears more opaque that the rest of the style and some 
structure is visible in the core area of the organ, whose nature is unknown (it is possible 
that they could be artefacts resulting from the phase contrast technique). The central area 
with a granular appearance described by Kristensen is not evident in this picture. 
 
Figure 3.19. Light microscopy phase contrast image of the crystalline style of L. pedicellatus once the sac has 
been removed. Picture by Federico Sabbadin. Magnification 20x. 
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In eulamellibranchs, the crystalline style sac can either be connected to the intestine via a 
slit, or be completely separate from the intestine (Judd, 1979); the latter is the case for L. 
pedicellatus, as observed during the dissections. The fine structure of the sac of bivalves 
has been studied in detail by various authors, with the most complete publication being 
that produced by Judd in 1979, which includes drawings as well as good quality electron 
microscopy images. According to Judd, the cells that line the sac are mainly divided into A 
and B type, which are found at different heights along the style length. The A cells are 
predominant around the middle and anterior area of the style and they are columnar cells 
characterised by being tall, regular and covered with dense cilia; they contain numerous 
large mitochondria, and granules of lipofuscin are found throughout the cell. These cells 
are not thought to have a secretory nor absorptive function, but instead to provide the 
energy (from the mitochondria) and the structure (the cilia) to rest and rotate the 
crystalline style (Mackintosh, 1925). B cells are found only at the base of the sac and are 
also tall and slender, but have less and longer cilia and also present microvilli. They are 
characterised by the presence of an extensive system of rough endoplasmic reticulum as 
well as Golgi apparatus, and they contain numerus vesicles that can be seen as being 
secreted between the cilia. They contain fewer mitochondria and lipofuscin is almost 
absent. These cells have clearly a secretory nature and they are thought to be the ones 
involved in the production of the crystalline style itself.  
With the view of exploring the structure of the crystalline style sac of the shipworms and 
in particular of L. pedicellatus, crystalline styles still contained in the style sac were 
dissected, fixed and prepared for visualisation by TEM (details in section 2.2.3). Images of 
the analysed sections are shown in Figure 3.20-3.21. 
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Figure 3.20. TEM images of the basal part of the crystalline style sac of L. pedicellatus. A. Image showing the 
columnar secretory epithelium, with the crystalline style on the top left corner lying on a layer of cilia. B. 
Close up of the secretory cells, showing the abundant endoplasmic reticulum and secretory vesicles. Images 
by Clare Steele-King. 
A 
B 
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Figure 3.21. TEM images of the middle part of the crystalline style sac of L. pedicellatus. A. Image showing the 
columnar ciliated epithelium, with the crystalline style on the top right corner lying on a very thick layer of 
cilia. A vast amount of mitochondria is visible in the cells. B. Close up of the ciliated cells, showing in detail 
the structure of the cilia and the numerous mitochondria. Images by Clare Steele-King. 
 
 
A 
B 
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The TEM images presented here are the first of the crystalline style sac of a shipworm. They 
show that in L. pedicellatus there is the same cell arrangement seen in most other bivalves. 
Indeed, the basal part of the style contains secretory cells in a well-structured columnar 
epithelium, similar to those described as cell type B by Judd in 1979. Some cilia cover the 
epithelium but they are not particularly dense, and microvilli are also present. The cells 
contain rough endoplasmic reticulum as well as Golgi apparatus, and numerus secretory 
vesicles. The cells at the middle and top of the sac of L. pedicellatus are clearly similar to 
the type A cells of bivalves, being covered by an extensive layer of cilia and containing 
numerous mitochondria to provide energy for the movement of the cilia. In contrast to 
other bivalves’ cells, no lipofuscin granules were seen in these samples.   
 
3.6.2.2 Proteins of the crystalline style  
The amount, nature and characteristics of the proteins of the crystalline style have been 
studied by researchers using a variety of different methods. The overall protein content 
varies according to different publications, but ranges from around 12 to 14% of the total 
weight; indeed, the style is mainly composed of water (Nelson, 1917; Bailey and Worboys, 
1960; Alexander et al., 1978). The first visualisation of the proteins of bivalves was made 
by Bedford (1969), who carried out flat-plate acrylamide gel electrophoresis on the styles 
of different species to show that the protein patterns are constant among individuals of 
the same species but varies between different species, and can therefore be used as a 
complement to taxonomical identification. Gel electrophoresis of other species was used 
to compare the composition of the style along its length (Alexander et al., 1978). The most 
complete work so far on the crystalline style proteins of a bivalve shows that they can be 
classified into medium molecular weight proteins (around 40-50 kDa) and high molecular 
weight ones (95-170 and >300 kDa), which act together in forming the gel that constitutes 
the style. These proteins are highly glycosylated, with the medium-sized ones showing less 
associated carbohydrates. The carbohydrates allow the retain of water and therefore help 
in the formation of the gel by the crosslinking of disulphide bonds (Mackenzie and Marshall, 
2014). Most of the proteins so far discovered in the style were identified by their activity, 
while only a handful of authors managed to either purify a style protein (Sova et al., 1970; 
Wojtowicz, 1972) or to identify them by 2D gel electrophoresis followed by MALDI-TOF 
tandem mass spectroscopy of selected spots (Mackenzie and Marshall, 2014).  
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To explore the characteristics and properties of the protein of the crystalline style of L. 
pedicellatus, SDS-gel electrophoresis of the style of some adult individuals was firstly 
performed, to compare the pattern to other bivalve species. The crystalline styles were 
dissected from 10 different shipworms, pulled together and dissolved in 1% SDS prior to 
loading. The obtained gel (Figure 3.22) shows a remarkably low number of bands, with only 
four being clearly visible and distinct. These bands were excised from the gel and were 
subjected to trypsinolysis and MALDI-TOF/TOF tandem mass spectroscopy, and the 
obtained spectra were compared to the EST database obtained from sequencing the RNA 
extracted from caecum, digestive glands gills and crystalline style of L. pedicellatus. 
 
Figure 3.22. SDS-PAGE of L. pedicellatus crystalline style. The well was loaded with 10 μl of protein. The black 
arrows show the bands that were cut and the table on the right presents the results of the protein 
identification performed on them. The annotation was performed against the L. pedicellatus RNAseq 
database and shows, for each band, the contigs that were identified (contig name) with their annotation, 
species and domain. 
 
The SDS PAGE analysis was useful in identifying some of the main proteins of the crystalline 
style, which were annotated as similar to collagen or cartilage. Probably these proteins 
form the style matrix and give it structure and rigidity. No mucin, albumin or globulins 
(which were reported by some authors) were identified in the analysed bands, nor any 
kDa 
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protein that can be accounted responsible for the reported digestive capabilities of the 
style. However, only the main bands of the gel we analysed, while other proteins might be 
present in the style but not be particularly visible in the gel. Furthermore, the MALDI-
TOF/TOF tandem mass spectroscopy technique is not sensitive enough to recognise all the 
proteins present in a gel band, but only identifies the most abundant; some digestive 
enzymes could have been present in the samples but have gone undetected. One of the 
proteins found in band four was annotated as having a MACPF (membrane attack 
complex/perforin) domain. This is an interesting and unexpected as these proteins have 
antimicrobial properties and are part of the defence system in vertebrates, where they act 
by causing lysis of gram-negative bacteria (Rosado et al., 2008). Antimicrobial properties 
have been recorded for the crystalline style of a few bivalve species (McHenery and 
Birkbeck, 1979; Ito et al., 1999; Nilsen et al., 1999; Miyauchi, 2000; Olsen et al., 2003; Xue 
et al., 2007). These activities were thought to be due to the presence of lysozyme-like 
proteins in the crystalline style, which were not identified in the protein-identification 
analysis for the L. pedicellatus crystalline style.  
 
In order to investigate the glycosylation pattern of the crystalline style of L. pedicellatus, a 
similar experiment to that performed by Judd (1987) and Mackenzie and Marshall (2014) 
was carried out. Two SDS-polyacrylamide gels were electrophoresed in denaturing 
conditions, but while one was normally stained with Coomassie blue to identify the 
proteins, the other one was dyed using the Schiff’s fuchsin-sulfite glycoprotein stain, which 
highlights the presence of carbohydrates. The resulting gels depicted in Figure 3.23 show 
that overall most of the proteins found in the style are highly glycosylated. The lowest 
molecular weight band is the one presenting less glycosylation, while the band with 
molecular weight of around 140 kDa is the one presenting the highest amount of 
carbohydrates. Some proteins were found to remain in the well and have hardly entered 
the resolving gel, which are possibly those of extremely high molecular weight that were 
identified by Mackenzie and Marshall (2014); these also seem to be carrying high quantities 
of carbohydrates.  
131 
 
 
Figure 3.23. Carbohydrate staining of the crystalline style of L. pedicellatus. SDS-PAGE with Coomassie (left) 
and Schiff’s fuchsin-sulfite glycoprotein stain (right). The well was loaded with 10 μl of protein. 
 
3.6.2.3 Enzymatic activities of the crystalline style  
One of the main roles identified for the crystalline style is that of contributing to the 
extracellular digestion of the ingested food. The way it is thought to perform this task is to 
release the digestive enzymes it contains while the style consumes itself by scraping against 
the gastric shield. Most of the literature on the crystalline style focuses on identifying the 
digestive enzymes contained in this organ, and therefore the substrates that it can degrade. 
The first carbohydrase identified in the style was an α-amylase, whose presence in a species 
of cockle was demonstrated by Coupin in 1900. Since then, many enzymatic activities have 
been identified throughout the years, some recorded by many authors, others only by few. 
Table 3.1 summarises the enzymatic activities so far highlighted by these papers.  
 
 
 
 
 
 
 
kDa 
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Table 3.1. Summary of the enzymatic activities of the crystalline style of bivalves and gastropods.  
Enzymatic activity Class Reference 
amylase bivalve, 
gastropod 
Coupin, 1900; Yonge, 1931; Lavine, 1946; Bailey et al., 1960; 
Horiouchi and Lane, 1966; Kristensen, 1972; Wojtowicz, 1972; 
Alexander et al., 1978; Seiderer and Newell, 1979; Brock and 
Kennedy, 1992; Alyakrinskaya, 2001 
cellobiase gastropod Horiouchi and Lane, 1966 
cellulase bivalve, 
gastropod 
Lavine, 1946; Bailey et al., 1960; Horiouchi and Lane, 1966; 
Alexander et al., 1978; Hammed and Paulpandian, 1987; Brock 
and Kennedy, 1992; Alyakrinskaya, 2001; Sakamoto, 2008; 
Mackenzie et al., 2014 
chitinase bivalve Smucker and Wright, 1984; Smucker and Wright, 1986 
chitobiase  bivalve Wojtowicz, 1972 
fucoidanase gastropod Alexander et al., 1978 
galactosidase gastropod Horiouchi and Lane, 1966; Kristensen, 1972; Wojtowicz, 1972; 
Payne et al., 1972; Wojtowicz, 1972; Alexander et al., 1978 
glucanase bivalve Mackenzie et al., 2014 
glucosidase Bivalve. 
gastropod 
Lavine, 1946; Horiouchi and Lane, 1966; Kristensen, 1972; 
Wojtowicz, 1972; Hammed and Paulpandian, 1987 
glycogenase bivalve Hammed and Paulpandian, 1987 
laminarinase bivalve, 
gastropod 
Bull and Chesters, 1966; Hammed and Paulpandian, 1987; 
Sova et al., 1970; Kristensen, 1972; Wojtowicz, 1972; 
Alexander et al., 1978; Brock and Kennedy, 1992 
lipase bivalve Bailey et al., 1960; Hameed and Paulpandian, 1987; 
Alyakrinskaya, 2001 
lysozyme bivalve McHenery and Birkbeck, 1979; Seiderer et al., 1984; Olsen et 
al., 2003; Xue et al., 2007 
maltase bivalve, 
gastropod 
Horiouchi and Lane, 1966; Kristensen, 1972 
oxidase bivalve Lavine, 1946; Berkeley, 1923 
sucrase bivalve, 
gastropod 
Horiouchi and Lane, 1966; Kristensen, 1972 
trehalase gastropod Horiouchi and Lane, 1966 
xylanase gastropod Alexander et al., 1978 
 
With the aim of assessing the carbohydrate degrading abilities of the crystalline style of 
shipworms, 10 crystalline styles from adult specimens of L. pedicellatus were dissected and 
solubilised in 50mm sodium phosphate buffer pH 7.6 containing protease inhibitors, to 
preserve enzymatic activities. A Bradford assay was performed to estimate protein 
abundance and a DNS reducing sugars assay was carried out on thirteen different 
substrates, including pachyman, PASC, CMC, xylan, xyloglucan, arabinoxylan, 
arabinogalactan, mannan, glucomannan, LBG, galactan, lichenan and avicel. The results are 
shown in Figure 3.24.  
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Figure 3.24. Enzymatic activity of the crystalline style on a range of substrates. The 50 µl reactions contained 
2.5 μg of crystalline style soluble protein, substrates at the concentration of 0.1%, 50 mM sodium phosphate 
buffer pH 7.6 and were incubated for 20 hours. The results for the crystalline style are shown in light blue, 
while the ones in grey and yellow are from the gills, caecum and digestive glands and have been added to the 
graph for comparison.  
 
This assays shows that enzymes from the crystalline style of L. pedicellatus are able to 
degrade a wide range of polysaccharides, with a preference for mannans, glucans and 
xylan. The ability of the shipworm’s style to degrade mannan has not been previously 
reported for molluscs, and a xylanase was only previously recorded in a gastropod 
(Alexander et al., 1978). These two enzymatic activities might be a consequence of the diet 
of the animals, which were grown in Scots pine, a gymnosperm wood rich in glucomannans 
and xylans. Similarly to the other organs of the digestive system, the crystalline style does 
not seem to possess enzymes able to digest crystalline cellulose or Avicel, and very little for 
CMC, pachyman, lichenan and arabinogalactan. Compared to the other organs, the 
carbohydrate degrading properties of the style seem very similar to those of the caecum.  
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3.7 Discussion  
Shipworms of the species L. pedicellatus have been shown to be able to live on a diet of 
wood (Becker, 1959; Gallager et al., 1981). The means by which they succeed to survive on 
such a diet, which lacks in nitrogen and other nutrients, is by the establishment of a 
symbiosis with bacteria that live in bacteriocytes in the shipworms gills (Popham and 
Dickson, 1973). The bacteria not only fix the atmospheric nitrogen and provide it to the 
host, but also produce enzymes able to digest lignocellulose, as well as antibiotics and other 
secondary metabolites beneficial to the shipworm (Distel et al., 2002b; Elshahawi et al., 
2013; Haygood et al., 2015). The existence of this type of endosymbiosis is nowadays well 
accepted, however its details are not completely known. In particular, there is much debate 
on the mechanism by which the lignocellulolytic enzymes produced by the bacteria in the 
gills (a respiratory organ) reach their final destination (the caecum, a digestive organ), 
which is physically distant and does not appear to have an obvious connection to the 
respiratory system. The work presented in this chapter shows that the most likely 
mechanism for the transfer of the bacterial enzymes to the caecum is the food groove, a 
structure typical of bivalves that is normally used in connection with filter feeding. This 
mucous channel captures food particles on the gills surface and transports them to the 
mouth by the action of cilia (Gosling, 2015). The food groove is the only connection 
between the gills and the digestive system in shipworms and it is hypothesised to be the 
source of the movement of the bacterial CAZymes. Electron microscopy, in vivo staining 
and immunogold labelling of the caecum, gills and food groove – both proximally and 
distally to the gills – have shown the presence of the bacteria-containing bacteriocytes and 
of active glycosylases of prokaryotic origin in the three tissues, suggesting that the bacteria 
are not just limited to the gills lamellae but travel along to the food groove all the way to 
the mouth, and that enzymatic activity related to wood digestion is found along the same 
route. This means that the bacteria – and the enzymes they produce – can therefore reach 
the digestive system and eventually the caecum by travelling via the food groove. Here the 
prokaryotic lignocellulolytic enzymes contribute to the digestion of wood in synergy with 
the enzymes produced by the shipworm. The utilisation of the food groove as a mean of 
transporting bacteria and enzymes from the gills to the digestive system is an interesting 
adaptation, which suggests that the shipworm might have adopted an organ that was 
already found in bivalve for a new function, the transport of wood-degrading enzymes. This 
new transport system could have allowed them to exploit the lignocellulolytic enzymes 
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produced by the bacteria in the gills, making wood digestion more efficient and permitting 
the shipworms to take full advantage of the abundant carbohydrates found in wood; this 
in turn could have allowed them to fill an ecological niche in the marine ecosystem that 
was only partially utilised by other organisms. It is also possible that the utilisation of the 
food groove as a transport system for bacterial products is widespread among molluscs and 
not just found in shipworms. Indeed, the presence of endosymbiotic bacteria in the gills of 
bivalves and other molluscs is a common phenomenon (Roeselers and Newton, 2012) and 
the utilisation of the bacterial products by transport via the food groove could allow these 
species to live in unusual environments, such as deep marine hydrothermal vent 
ecosystems (Distel et al., 2000). Furthermore, the observation of intact bacteriocytes 
moving along the food groove towards the digestive system suggests that the shipworms 
could be using the food groove not only for the transport of the bacterial CAZymes, but 
also as a way of utilising the bacteria as a source of nutrition, in particular as a supply of 
nitrogen to complement the scarcity of this element in wood. Indeed, marine bivalves have 
been observed to utilise bacteria as food source, particularly when phytoplankton is scarce 
(McHenery et al., 1979; Langdon and Newell, 1990). In shipworms nitrogen is fixed by the 
bacteria in the gills and it has been shown to be transferred from its source in the 
endosymbionts directly to the host shipworm gill’s tissue (Carpenter and Culliney, 1975; 
Lechene et al., 2007); however the transport of bacteria to the digestive system via the 
food groove could provide an additional nitrogen source directly to the digestive system, 
where it could be recycled and absorbed during the digestion process. 
 
The compositional analysis, comparing the wood where the shipworms were grown to the 
frass they produced, confirmed that L. pedicellatus is able to extract nutrients from the 
timber, mainly attacking the cellulose but partially also the hemicellulose fraction of the 
wood, with a preference for the sugars mannose and xylose of this latter component. The 
ability to utilise cellulose as a source of nutrition is quite common among xylophagus 
animals, therefore these results do not come as a surprise. Indeed, many organisms such 
as bacteria, fungi, protozoa, marine and land invertebrates are well known to have cellulose 
and hemicellulose degrading abilities, which they perform by utilising a cocktail of 
carbohydrate-active enzymes that include glycosyl hydrolases, carbohydrate esterases, 
polysaccharide lyases and lytic polysaccharide monooxygenases (Coleman, 1978; Vaaje-
Kolstad et al., 2010; van den Brink and de Vries, 2011; Payne et al., 2015), as explained in 
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the introduction (section 1.2). Termites, for example, are able to dissimilate 74-99% of the 
cellulose and 65-87% of the hemicellulose that they ingest (Bignell and Eggleton, 2000) and 
white-rot fungi slightly less (Sun et al., 2013); recently, the marine crustacean Limnoria 
quadripunctata was discovered to able to turn over half of the cellulose it finds in wood, 
though the hemicellulose and lignin fractions are left mainly unconsumed (Besser et al., 
2018). Hemicelluloses can also be degraded with high efficiency by bacteria (Sun et al., 
2013).  
Lignin remains largely undigested by L. pedicellatus and it accumulates in the frass. The 
ability of modifying or degrading lignin has only been discovered in a handful of organisms, 
since this heterogeneous polymer is highly recalcitrant to digestion. White-rot fungi are the 
only organisms in nature that can completely mineralise lignin, though this is done without 
energy value for the fungus (Shah et al., 1992); recently some ligninolytic bacteria have 
been discovered that secrete peroxidase and laccase able to degrade lignin (Bugg et al., 
2011). Brown-rot fungi do not have such enzymes, and only modify the lining in order to 
be able to access hemicellulose and cellulose; for this function they utilise small reactive 
molecules (Arantes and Goodell, 2014). Termites were thought not to be able to 
breakdown lignin, however only recently some studies have suggested that they produce 
laccases that could have a role in lignin digestion (Tartar et al., 2009; Coy et al., 2010). It is 
possible that the shipworm has the ability of modifying the lignin in order to access the 
sugars found in the wood. Indeed, the experiments only aimed at quantifying the amount 
of lignin in wood and frass, while no qualitative analysis has been performed. In order to 
identify modification of the structure of lignin (such as acetylation or oxidation, for 
example), other analytical methods need to be utilised, such as Fourier-transform infrared 
(FTIR) spectroscopy or solid-state 13C nuclear magnetic resonance (ssNMR). 
 
The shipworm’s ability to feed on wood is dependent on the enzymes found in the caecum, 
an organ that is characteristic of wood boring bivalves. The caecum is known to be related 
to wood digestion and absorption due to the presence of a typhlosole to increase the 
absorptive area, of a microvillar border that absorbs the nutrients and of an extensive 
vascular network to transport them to the rest of the body (Betcher et al., 2012). The TEM 
images of the caecum have shown for the first time wood fragments in the caecum lumen, 
and a section of the typhlosole with a brush border on the caecum lumen side, confirming 
the importance of the caecum in wood digestion and absorption.  
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Work in this chapter focused on presenting some biochemical evidence of the wood-
degrading abilities of the caecum contents, which were lacking in the literature. SDS-gel 
electrophoresis and protein identification by trypsinolysis and MALDI-TOF/TOF tandem 
mass spectroscopy showed that the caecum contains numerous bacterial and shipworms 
CAZymes, most of which are multimodular proteins containing GH or AA modules linked to 
CBMs, a characteristic that enhances catalytic efficiency (Hashimoto, 2006). Only one 
LPMO, of bacterial origin, was discovered in the caecum. This was annotated by a Blastx 
search against the NCBI non redundant database as belonging to the Auxiliary Activity class 
number 10 (AA10) and containing also a CBM of the family 10 (CBM10), and is the only 
recognised oxidative CAZyme in the caecum, while the other CAZymes are glycosyl 
hydrolase. No endogenous LPMOs were identified with this method. A DNS reducing sugar 
assay was used to investigate the substrate preference of the enzymes found in the caecum 
contents. The assay has shown that the caecum enzymes can degrade various substrates 
normally associated with woody biomass. In particular, substrates like galactan, mannan, 
glucomannan, LBG and xylan are those that produce the highest amount of reducing sugars 
when incubated with the caecum fluids, which reflect the results of the compositional 
analysis showing that mannan and xylan are the hemicelluloses mostly utilised by L. 
pedicellatus. No activity was recorded on Avicel, suggesting that the caecum does not 
contain enzymes able to degrade crystalline cellulose. However, other cellulosic substrates 
that are easier to digest, such as PASC, were degraded by the caecum contents, indicating 
how the enzymes here contained are responsible for the digestion of cellulose reported by 
the compositional analysis of wood versus frass; CMC was only partially degraded, but we 
cannot exclude the possibility that enzymes tightly bound to the wood have not been 
extracted during the sample preparation for the DNS reducing sugar assay. 
 
The digestive glands have been reported to be the main organs where the endogenous 
wood-degrading enzymes are produced (Shipway, 2013). RNA sequencing of its tissues has 
shown the presence of numerous transcripts encoding CAZymes with a putative signal 
peptide for secretion (Shipway, 2013), while little evidence has so far been available on the 
reported ability of the “digestive” portion of the gland to perform intracellular wood 
digestion (Potts, 1923). By using TEM and light microscopy to visualise the digestive gland 
tissues, amoebic cells called phagocytes have been identified that could be responsible for 
intracellular wood digestion. These cells are contained in the “digestive” portion epithelium 
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but are also free to move in the gland lumen, and could engulf wood by the projection of 
pseudopodia. Phagocytes have been reported in the digestive system of various molluscs, 
in particular lamellibranchs (Yonge, 1937; George, 1952; Tripp, 1963), therefore 
intracellular food digestion is not a novelty. However, not only have phagocytes not been 
documented with micrographic evidence before for a shipworm, but intracellular digestion 
of wood – rather than other type of food – is uncommon, since it has been reported only 
for commensal ciliates found in the digestive system of termites (Kiuchi et al., 2004). 
Despite being extremely interesting, these putative wood-degrading phagocytes are not 
fully understood, as it is not yet clear what contribution they give to the overall nutrient 
needs of the animals and how products resulting from the digestion of wood would be 
redistributed to the body. 
The wood-degrading abilities of the digestive glands have also been studied by using a DNS 
reducing sugars assay, which showed that the glands are able to digest the same substrates 
as the caecum, though producing generally lower amount of reducing sugars. This indicates 
that the enzymes produced by the gland are possibly transported to the caecum, where 
they then accumulate, in conjunction with the bacterial ones, to digest of wood biomass.   
 
The crystalline style is a digestive organ characteristic of bivalve molluscs, nonetheless it 
has not previously been studied in shipworm. It is known to help with extracellular 
digestion in various ways: it sorts the food coming from the mouth and distributes it 
appropriately to the various digestive organs on the basis of its size; it creates a cord of 
mucus-bound food that is drawn from the oesophagus to the stomach; it releases digestive 
enzymes by scraping against the gastric shield; it grinds food such as algae to break them 
open and make them more digestible; it lowers the pH of the stomach, making the food 
less viscous and optimising digestion (Purchon, 1971). The style is contained in an 
evagination of the stomach, the crystalline style sac, which was thought to produce the 
proteins the style is made of (Judd, 1979), though a cellulase produced by the digestive 
gland of the brackish water clam Corbicula japonica was recently found to be present in the 
style (Sakamoto et al., 2008). In order to understand the style’s protein composition, some 
styles were extracted from L. pedicellatus and visualised by SDS-PAGE electrophoresis, and 
the four main resulting bands were analysed by trypsinolysis and MALDI-TOF/TOF tandem 
mass spectroscopy. The results produced only a few matches, probably due to the 
limitation of the techniques that only identifies the most abundant proteins present in a 
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gel band. The bigger proteins, more than 300 kDa in size, were annotated as collagen, while 
cartilage was found in medium sized bands (100-150 kDa). These proteins appeared to be 
highly glycosylated when visualised with the Schiff’s fuchsin-sulfite glycoprotein stain. No 
digestive enzymes were identified in the gel bands, possibly due to the low concentration 
of the protein. Other fainter bands are visible in the gel but their protein amount was below 
the limit of detection; it is possible that the digestive enzymes were contained in these 
bands, as their molecular weight is in the right range. Indeed, the enzymatic assays showed 
that the crystalline style of L. pedicellatus has the ability to degrade numerous 
polysaccharides, mainly mannans, glucans and xylans. An interesting protein was also 
isolated in the band with a molecular weight of 70 kDa, and therefore must be relatively 
abundant in the style. This was annotated as a membrane-attack complex/perforin-like 
protein, which are antimicrobial pore-forming proteins part of the defence system in 
vertebrates (Peitsch and Tschopp, 1991; Rosado et al., 2008). A Blastx analysis revealed 
that this protein also contains an apextrin domain, which has been shown to allow 
pathogen recognition in other marine bivalves (Gerdol and Venier, 2015). It therefore is 
possible to hypothesise that the style might have a role in the recognition and disruption 
of bacterial cells in shipworms, however this subject will be discussed further in the next 
chapter, which will present the results of the full proteomic analysis of the crystalline style. 
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Chapter 4: Transcriptomic and proteomic analysis of the digestive organs of 
Lyrodus pedicellatus 
 
4.1 Introduction 
 
The Teredinids are well suited for the deconstruction of lignocellulose, which they use for 
nutritional purposes. They are important in the marine ecosystem because of their ability 
to recycle the carbon that would otherwise be locked in wood (Distel, 2003), and because 
they cause considerable damage to man-made wooden structures, resulting in substantial 
financial loss in some communities (Turner, 1966; Distel et al., 2011). Furthermore, their 
array of lignocellulose degrading enzyme has the potential to be valuable in the bio-refinery 
industry for the mobilisation of sugars from lignocellulosic biomass (O'Connor et al., 2014). 
Despite this, relatively little is known at present about the source and range of activities of 
the wood-degrading enzymes that shipworms are equipped with. As seen in previous 
chapters, shipworms harbour endosymbiotic bacteria in their gills, which are known to 
provide their hosts with lignocellulolytic enzymes to complement the ones that are 
endogenously produced. However, it remains unclear the degree to which shipworms 
depend on these bacterial enzymes. In the first instance, it is not clear the extent to which 
the bacteria participate to the production of digestive enzymes, and whether their 
presence is essential to the degradation of wood. Furthermore, it is unclear how the 
enzymes are distributed throughout the shipworm’s digestive system and how the 
digestive task is shared between host and symbionts, since they both produce 
lignocellulolytic enzymes.  
Honein and colleagues (2012) presented a short study on the transcriptomics of Teredo 
navalis, a species closely related to L. pedicellatus. Despite the publication only containing 
preliminary findings and never having been backed up with a more detailed analysis, the 
authors showed that the T. navalis transcriptome includes genes encoding for cellulose-
degrading enzymes. In particular, they highlighted the presence of GHs from the families 1, 
3, 9 and 45, which were annotated as endoglucanases or β-glucosidases. However, the RNA 
extraction was performed on the shipworm’s whole body, therefore it was not possible to 
locate the origin and sites of enzymes production or to determine which are the major 
organs involved in wood digestion.  
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A study by O’Connor and colleagues (2014) made an important contribution by showing 
that the bacterial CAZymes found in the caecum of the shipworm Bankia setacea are 
produced by bacteria resident in the gills. Despite not being able to demonstrate the 
mechanism behind it, they also showed that while the gills bacterial proteome only 
contains 11% of CAZymes, the caecum bacterial proteome is almost entirely made up of 
these enzymes, which therefore must be selectively translocated from the gills to the 
caecum. According to the authors, the glycoside hydrolases produced by the endosymbiotic 
bacteria dominate the shipworm digestive system. However, the search of the proteomic 
data in the O’Connor paper was performed exclusively against the bacterial genomic DNA 
sequences derived from the gill tissues, with the consequent exclusion of endogenous 
proteins, therefore not giving a real indication of the relative abundance of endogenous 
versus bacterial enzymes.  
A more detailed analysis of the transcriptome of a shipworm, with separate analysis of gills, 
digestive glands, caecum and intestine, was described in the PhD thesis of John Shipway 
(2013). This work aimed at identifying endogenous lignocellulolytic enzymes and their site 
of production in L. pedicellatus. The results were surprising, as the caecum appeared to 
have a very minor role in the transcription of endogenous GHs (only 0.7% of the total 
transcriptome), while the digestive glands were described as the major site of GHs 
production, with families 1, 9 and 10 being the most transcribed, followed by 2, 5, 13, 16, 
18 and 45. The authors suggested that the lignocellulolytic enzymes are produced in the 
glands and secreted into the caecum, where wood digestion and absorption occur. 
However, this study only focused on the analysis of the endogenous enzymes, therefore 
not providing a full picture of the symbiosis between the shipworm and its endosymbionts. 
Furthermore, it relied only on one replica for the transcriptomic analysis, and the RNA 
extraction was performed with different techniques for different organs, with rRNA 
depletion carried out for the caecum and the gills, while poly(A) mRNA selection for the 
digestive gland, therefore excluding bacterial sequences from the analysis.  
 
4.2 Aims of the chapter 
 
The work described in this chapter aims to address the gap in the knowledge of the 
symbiosis between the shipworm L. pedicellatus and the endosymbionts resident in its gills, 
in relation to the production of wood-degrading enzymes. A detailed study of the shipworm 
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digestive process based around transcriptomic and proteomic data is described, with the 
aim of identifying the major genes and enzymes involved in wood digestion in different 
regions of the digestive system. The sources of the enzymes, both endogenous and 
bacterial, as well as their final destination are investigated. The studies will incorporate 
analysis performed in replicas of the transcriptome and proteome of gills, digestive glands, 
caecum and crystalline style and its sac and will encompass genes and enzymes produced 
by the animal as well as the symbiotic bacteria. 
This detailed analysis will shed some light into this multifaceted symbiosis and on the 
mechanisms behind the combined system (eukaryote-prokaryotes) involved in the 
deconstruction of the recalcitrant lignocellulose. This analysis might also allow us to 
identify some novel lignocellulolytic enzymes with the potential to be utilised in the enzyme 
cocktail used in industries for the production of second-generation biofuels. 
 
4.3 Transcriptomic analysis of digestive glands, caecum, gills and crystalline style sac  
 
4.3.1 Sequencing of RNA from the digestive glands, caecum and gills 
RNA was extracted from gills, digestive glands and caecum of three adult specimens of L. 
pedicellatus. Figure 4.1 and Appendix B show the results for the quality analysis performed 
with the Agilent 2200 Tape Station, which confirmed the RNA was of optimal quality (the 
RNA integrity number (RIN) ranged from 8.4 to 9.4), with no degradation and in sufficient 
amounts to proceed with RNA sequencing.  
 
Figure 4.1. Agilent 2200 Tape station gel image showing the RNA extracted from the digestive glands, caecum 
and gills of three adult L. pedicellatus. RNA integrity numbers (RIN) are given at the bottom in the green 
rectangles. The first well on the left (A0 (L)) represents the ladder in base pairs (bp), while the last one on the 
right (B2) is the negative control (nc), which was distilled water.  
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The RNA was subjected to rRNA depletion, with consequent cleaning and concentration. 
Tape Station analysis (not shown) confirmed the depletion of the ribosomal RNA, a good 
distribution of mRNA sizes and gave RIN scores ranging from 1.5 to 3.2. RNA-sequencing 
libraries were then prepared for each mRNA sample and sequencing was performed using 
an IonTorrent sequencing platform. The results from the RNA sequencing are presented in 
Appendix A, which shows that 7,388,190 reads were generated for the gills, 7,526,229 for 
the digestive glands and 7,672,346 for the caecum. The mean read length was 187 base 
pairs for the gills, 183 for the digestive glands and 161 for the caecum.  
 
4.3.2 Sequencing of RNA from crystalline style sac  
The sequencing of RNA from the crystalline style was performed in a separate experiment 
and with a different technology than for the other digestive organs. The crystalline sac 
(without the style) was dissected from 38 adult specimens of L. pedicellatus and the RNA 
was isolated from all the samples pooled together. The Agilent 2200 Tape Station was used 
to quality check the RNA, indicating a RIN of 8.8, no degradation and sufficient 
concentration, therefore of excellent quality for sequencing (Figure 4.2). RNA sequencing 
was performed on an Illumina platform, after rRNA depletion and a final quality check (not 
shown) that confirmed the depletion of ribosomal RNA and the presence of the required 
amount of mRNA . 
  
Figure 4.2. Agilent 2200 Tape station gel image (left) and electropherograms (right) showing the RNA 
extracted from the crystalline styles of 38 adult L. pedicellatus. The RNA integrity number (RIN) is given at the 
bottom of the gel image in the green rectangles. The first well on the left (A0 (L)) represents the ladder in 
base pairs (bp), while A1 is the 38 crystalline style samples pulled together.  
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The sequencing produced 308,957,623 reads for both ends, each read was 150 bases in 
length due to the Illumina technology sequencing technique. Quality control (see section 
2.3.3 for details) was performed on the raw reads and the most meaningful results are 
shown in Appendix C. No sequences were flagged as being of low quality and both ends 
were almost free of rRNA (0.08% in end 1 and 0.17% in end 2). Excellent or good scores 
were reported for per base sequence quality, per sequences quality score, per sequence 
GC content and per base N content. Since per base sequence content and sequence 
duplication levels were of under optimal quality, trimming (see section 2.3.3 for details) 
was performed and only the trimmed reads were used for downstream analysis. 
  
4.3.3. Analysis of the transcriptome of digestive glands, caecum, gills and crystalline style 
sac  
 
The transcriptome of each organ was searched for CAZymes using the web server dbCAN 
and by sequence annotation against the NCBI non-redundant database (see material and 
methods for details, chapter 2.3.3). Only the most highly expressed 1,000 transcripts 
(calculated as transcripts per kilobase million, TPM) were analysed, representing 66.0% of 
the total transcriptome for the digestive glands, 66.4% for the caecum, 58.9% for the gills 
and 21.6% for the crystalline style sac. The CAZymes represent 0.9% of the most highly 
expressed 1,000 transcripts for the digestive glands, 0.5% for the caecum, 3.7% for the gills 
and 0.1% for the crystalline style sac, respectively. The different classes of CAZymes 
identified in each organ are represented in Figure 4.3, where bacterial enzymes are marked 
with an asterisk. Among the tissues analysed, only the digestive glands and caecum contain 
eukaryotic CAZyme transcripts in the most highly expressed 1,000 annotated genes, while 
the gills’ transcriptome is comprised almost entirely of bacterial enzymes amongst the 
identified genes encoding for CAzymes (98.85%); the crystalline style sac includes only two 
CAZyme transcripts, both of bacterial origin.   
The digestive glands CAZyme transcripts are dominated by glycosyl hydrolases, with just 
one carbohydrate esterase found, representing just 3.7% of the total CAZyme transcripts 
and belonging to the family 3. Among the GHs, the family 9 is the most abundant (35.3% of 
the total CAZymes), followed by family 45 (23.1%), family 1 (19.2%) and family 2 (11.3%). 
The other GHs are found in minor quantities and include families 18, 10, 13, 84 and 71 
(together representing 7.5% of the total CAZymes). 
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Glycosyl hydrolases from family 30 instead represent the greater part (63.2%) of the 
CAZyme transcripts of the caecum, and are exclusive to this organ. All the other GHs are 
also found in the digestive glands and belong to the classes 1 (19.2%), 13 (5.1%), 84 (3.0%) 
and 18 (2.5%). As in the digestive glands, only one CE from family 3 was identified (7.0%). 
The CAZyme transcripts range and composition is different in the gills’ transcriptome. In 
addition to the various GHs (66.9% of the total), other enzymes groups were also found, 
namely CEs of the families 15 (1.9%) and 3 (0.5%) and AAs from family 10 (30.8%). The most 
abundant CAZyme transcripts are GH5s (41.5%), followed by AA10s (30.8%), GH6s (17.5%) 
and GH11s (6.7%), all of which are exclusive to the gills. Other CAZymes found in minor 
quantities are GH84, GH13, GH16 and GH10, which represent only 1.1% of the total. 
 
Figure 4.3. CAZymes classes identified in the transcripts of the digestive glands, caecum, gills and crystalline 
style sac of L. pedicellatus. The pie charts were obtained by searching each organ best 1,000 transcripts 
(calculated as TPM values) for CAZymes using dbCAN and then calculating their relative abundance. The 
charts do not include glycosyl transferases or transcripts containing a CBM but no other identified CAZymes. 
Transcripts encoding bacterial enzymes are marked with an asterisk (*).  
146 
 
Tables 4.1 to 4.4 list all the sequences predicted to encode for a CAZyme found in the most 
highly expressed 1,000 transcripts in each of the four organs analysed. For each enzyme, 
the transcript abundance is shown, as well as the percentage of the overall transcriptome 
that it represents. The tables also report the CAZy families and subfamilies and their 
relative e-values, as well as the transcript annotation and the species and higher 
taxonomical group it belongs to. 
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Table 4.1. Digestive gland transcripts encoding for CAZymes among the 1,000 most expressed transcripts. The table lists the name of the transcript (contig name), its abundance 
(TPM), its relative abundance in the overall transcriptome (TPM%), the CAZy modules (with subfamily after the underscore) identified in the transcript (CAZy modules) and their e-
values (CAZy e-value), the annotation (annotation) and species (species) obtained by blasting against the NCBI non-redundant database, and whether the transcript is of eukaryotic 
or prokaryotic origin (domain).  
 
Contig name TPM TPM % CAZy  modules CAZy e-value Annotation Species Domain 
c151620_g1_i1 1820.4950 0.1820 GH9 2.7E-31 endoglucanase 13-like  Mizuhopecten yessoensis eukaryotes 
c86197_g1_i1 1247.1570 0.1247 GH45 5.00E-43 endoglucanase-like  Crassostrea gigas eukaryotes 
c178040_g2_i1 926.0908 0.0926 GH1 9.9E-161 lactase-phlorizin hydrolase-like isoform X1  Lingula anatina eukaryotes 
c166630_g2_i1 429.1136 0.0429 GH2 1.3E-10 glucosidase 2 subunit beta  Exaiptasia pallida eukaryotes 
c167653_g1_i1 242.5884 0.0243 GH2 4.00E-58 beta-mannosidase-like  Crassostrea virginica eukaryotes 
c181797_g2_i1 217.3767 0.0217 CE3 2.6E-11 leucine-rich repeat-containing protein DDB_G0290503-like  Saccoglossus kowalevskii eukaryotes 
c171242_g3_i1 174.9765 0.0175 GH18 2.7E-83 chitinase 3  Crassostrea gigas eukaryotes 
c175047_g4_i1 161.3171 0.0161 GH1 1.6E-25 lactase-like protein isoform X4  Cynoglossus semilaevis eukaryotes 
c177973_g3_i1 126.1040 0.0126 GH45 1.00E-47 endo-1,4-beta-glucanase  Corbicula japonica eukaryotes 
c156925_g1_i1 99.5883 0.0100 GH9 1.1E-27 cellulase  Corbicula japonica eukaryotes 
c176344_g2_i3 90.1000 0.0090 GH9 2.2E-42 endoglucanase 13-like  Mizuhopecten yessoensis eukaryotes 
c176344_g1_i3 89.9701 0.0090 GH9 3.4E-75 cellulase  Corbicula japonica eukaryotes 
c180291_g3_i2 80.3690 0.0080 GH10 2.00E-35 endo-1,4-beta-xylanase  Corbicula japonica eukaryotes 
c179335_g1_i1 63.7116 0.0064 GH13_17 4E-76 probable maltase Aplysia californica eukaryotes 
c180935_g1_i1 62.9453 0.0063 GH84 6E-69 protein O-GlcNAcase  Crassostrea gigas eukaryotes 
c175836_g1_i3 57.8701 0.0058 GH71 1.1E-10 glucan endo-1,3-alpha-glucosidase agn1  Aspergillus udagawae eukaryotes 
c178040_g1_i2 53.0328 0.0053 GH1+GH1 9.4E-139 lactase-phlorizin hydrolase-like, partial  Mizuhopecten yessoensis eukaryotes 
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Table 4.2. Caecum transcripts encodeng for CAZymes among the 1,000 most expressed ones. The table fields are the same as in Table 4.1. 
Contig name TPM TPM % CAZy modules  CAZy e-value Annotation Species Domain 
c153913_g1_i1 1501.1919 0.2008 GH30 2.00E-31 endo-1,6-beta-D-glucanase BGN16.3  Crassostrea gigas eukaryotes 
c181813_g3_i4 143.9217 0.0192 GH1 2.1E-127 lactase-phlorizin hydrolase-like, partial  Mizuhopecten yessoensis eukaryotes 
c177035_g4_i2 135.2853 0.0181 GH1 6.2E-19 lactase-phlorizin hydrolase-like  Biomphalaria glabrata eukaryotes 
c181797_g2_i1 132.1192 0.0177 CE3 2.6E-11 leucine-rich repeat-containing protein DDB_G0290503-like  Saccoglossus kowalevskii eukaryotes 
c179335_g1_i1 131.0636 0.0175 GH13_17 4E-76 probable maltase Mizuhopecten yessoensis eukaryotes 
c166743_g1_i1 125.9803 0.0168 GH30 6.6E-41 endo-1,6-beta-D-glucanase BGN16.3-like isoform X1  Crassostrea virginica eukaryotes 
c181813_g4_i1 114.2455 0.0153 GH1 2.1E-127 lactase-phlorizin hydrolase-like, partial  Mizuhopecten yessoensis eukaryotes 
c182208_g1_i1 102.1336 0.0137 GH1+GH1 1.4E-157 lactase-phlorizin hydrolase-like  Lingula anatina eukaryotes 
c180935_g1_i1 77.2311 0.0103 GH84 6E-69 protein O-GlcNAcase  Crassostrea gigas eukaryotes 
c171242_g3_i1 65.1673 0.0087 GH18 2.7E-83 chitinase 3  Crassostrea gigas eukaryotes 
c182129_g2_i2 47.8331 0.0064 CE3 1.3E-10 putative RNA-directed DNA polymerase from transposon BS  Exaiptasia pallida eukaryotes 
 
Table 4.3. Crystalline style transcripts encoding for CAZymes among the 1,000 most expressed ones. The table fields are the same as in Table 4.1. 
Contig name TPM TPM % CAZy modules  CAZy e-value Annotation Species Domain 
DN361801_c10_g1_i3 142.1543 0.0142 CE3 1.40E-12 lipase Fortiea contorta prokaryotes 
DN359415_c2_g1_i3 58.7367 0.0059 AA6 1.10E-29 flavodoxin family protein, NADPH-dependent FMN reductase Xanthomonas translucens prokaryotes 
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Table 4.4. Gills transcripts encoding for CAZymes among the 1,000 most expressed ones. The table fields are the same as in Table 4.1. 
Contig name TPM TPM % CAZy modules  CAZy e-value Annotation Species Domain 
c163430_g1_i1 2208.0614 0.4892 AA10+CBM10 8.00E-10 auxiliary activity family 10 domain-containing protein  Alteromonadaceae bacterium Bs02 prokaryotes 
c177477_g5_i1 1885.8114 0.4178 GH5_53 1.00E-10 glycosyl hydrolase family 5_53 domain-containing protein  Alteromonadaceae bacterium Bs02 prokaryotes 
c176007_g1_i1 1241.6663 0.2751 GH6 1.4E-41 cellobiohydrolase  Alteromonadales bacterium BS08 prokaryotes 
c173837_g2_i2 740.5930 0.1641 AA10+CBM10 6.1E-37 chitin-binding protein  Alteromonadaceae bacterium Bs12 prokaryotes 
c176917_g2_i1 672.9781 0.1491 GH5_53 3.1E-161 endoglucanase  Cellvibrio sp. PSBB006 prokaryotes 
c121433_g1_i1 518.7870 0.1149 GH5+CBM2 7.00E-27 beta-mannosidase  Teredinibacter sp. 1162T.S.0a.05 prokaryotes 
c160576_g1_i1 451.3260 0.1000 GH5+CBM10 8.00E-19 glycoside hydrolase family 5  Teredinibacter turnerae prokaryotes 
c176007_g2_i1 385.1313 0.0853 GH6 1.4E-41 cellobiohydrolase  Microbulbifer thermotolerans prokaryotes 
c169869_g1_i2 347.8859 0.0771 GH11 3.60E-36 1,4-beta-xylanase  Micromonospora rifamycinica prokaryotes 
c147988_g1_i2 237.4276 0.0526 GH11 3.00E-10 xylan 1,4-beta-xylosidase  Streptomyces castelarensis prokaryotes 
c177001_g2_i2 188.0658 0.0417 GH5_8+CBM10 2.1E-34 beta-mannosidase  Teredinibacter sp. 1162T.S.0a.05 prokaryotes 
c165047_g1_i1 185.1705 0.0410 CE15 2.50E-27 carbohydrate esterase family 15 protein  Piromyces sp. E2 prokaryotes 
c176379_g1_i2 101.2869 0.0224 GH5_2 1.7E-27 cellulase  Pseudomonas sp. ND137 prokaryotes 
c178777_g2_i2 90.3214 0.0200 GH5_53 8.00E-43 glycosyl hydrolase family 5_53 domain-containing protein  Alteromonadaceae bacterium Bs02 prokaryotes 
c178964_g4_i6 76.2346 0.0169 GH5+CBM10 6.00E-12 glycoside hydrolase family 5  Teredinibacter sp. 991H.S.0a.06 prokaryotes 
c167683_g1_i2 76.0678 0.0169 GH6 9.00E-44 cellobiohydrolase  Teredinibacter sp. 1162T.S.0a.05 prokaryotes 
c174327_g1_i1 68.5166 0.0152 AA10 3.1E-16 chitin-binding protein Teredinibacter sp. 1162T.S.0a.05 prokaryotes 
c177001_g3_i1 65.4455 0.0145 GH5+CBM10 6.4E-16 beta-mannosidase  Teredinibacter sp. 1162T.S.0a.05 prokaryotes 
c181797_g2_i1 53.5174 0.0119 CE3 3.2E-11 leucine-rich repeat-containing protein DDB_G0290503-like  Saccoglossus kowalevskii eukaryotes 
c180189_g2_i1 47.8078 0.1059 AA10 1.2E-16 chitin-binding protein  Teredinibacter turnerae prokaryotes 
c169869_g1_i1 45.4726 0.0101 GH11+CBM10+CBM5 1.70E-14 1,4-beta-xylanase  Cellvibrio sp. OA-2007 prokaryotes 
c164553_g1_i4 43.3619 0.0096 GH5_53 6.00E-52 endoglucanase  Cellvibrio sp. PSBB006 prokaryotes 
c165315_g1_i2 36.7061 0.0081 GH5_8+CBM10+CBM2 3.00E-20 beta-mannosidase  Alteromonadaceae bacterium Bs12 prokaryotes 
c180348_g2_i1 35.5616 0.0079 GH11 9.00E-40 1,4-beta-xylanase  Cellvibrio sp. OA-2007 prokaryotes 
c180241_g2_i2 33.7378 0.0075 GH6 9E-10 glycoside hydrolase family 53  Teredinibacter turnerae prokaryotes 
c180935_g1_i1 31.2354 0.0069 GH84 6E-69 protein O-GlcNAcase  Crassostrea gigas eukaryotes 
c179335_g1_i1 29.8305 0.0066 GH13_17 4.5E-76 probable maltase Aplysia californica eukaryotes 
c177241_g2_i1 27.1357 0.0060 GH16+CBM2 2.1E-35 endoglucanase  Teredinibacter sp. 1162T.S.0a.05 prokaryotes 
c154562_g1_i1 24.9515 0.0055 GH10 1.5E-20 acetylxylan esterase  Teredinibacter turnerae prokaryotes 
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The digestive glands most expressed 1,000 transcripts include a total of 17 sequences 
encoding for CAZymes. GH9, GH45, GH1 and GH2 modules are found in more than one 
transcript, and indeed these families are the most abundant CAZymes in the transcriptome. 
The other CAZy modules are only found in one transcript each. All the GH1s are annotated 
as “lactase-phlorizin hydrolase-like”, proteins produced by the digestive glands of some 
bivalve molluscs, which have been shown to act as β-glucosidases, hydrolysing cellobiose 
into free glucose units (Sakamoto et al., 2009). Most of the GH transcripts are annotated 
as possible endoglucanases, β-glucosidases or β-mannosidases, with only four contigs 
annotated differently as either endo-xylanases, chitinases or putative maltases. 
Eleven different sequences encoding for CAZymes were identified in the caecum most 
expressed 1,000 transcripts. Some of the sequences are identical to those identified in the 
digestive glands (CE3 c181797_g2_i1, GH13_17 c179335_g1_i1, GH84 c180935_g1_i1 and 
GH18 c171242_g3_i1), and, therefore, there is the possibility that they could be 
contaminants, given that one of the digestive glands lies in close contact with the caecum. 
On the contrary, all the transcripts encoding for GH30s and GH1s (and one for the CE3 
c182129_g2_i2) are only found in the caecum and in high amounts, suggesting that they 
are truly expressed in this organ. As in the digestive glands, most of the contigs are 
annotated as endoglucanases or β-glucosidases. Contig c182129_g2_i2 is annotated as a 
“putative RNA-directed DNA polymerase from transposon BS”, however dbCAN finds 
similarity to a CE3 domain with a reasonable e-value (1.3e-10); it is possible though that 
this transcript is not actually a CAZyme.  
The 1,000 most expressed transcripts in the gills include the highest number of CAZymes 
sequences, with a total of 29. All the bacterial transcripts encode for CAZymes that are 
unique to the gills, while the three eukaryotic ones (the CE3 c181797_g2_i1, the GH13_17 
c179335_g1_i1 and the GH84 c180935_g1_i1) are produced in low amounts and are also 
found in the digestive glands and caecum, suggesting they may have a cellular function 
rather than a digestive one. Numerous contigs transcribe for either GH5s (11 transcripts), 
AA10s, GH6s or GH11s (four different transcripts each), which corresponds to the most 
highly abundant CAZymes. The annotations of the gill transcripts are different and more 
varied compared to the digestive glands and caecum. Indeed, while some endoglucanases 
and β-mannosidases are present, the majority of the contigs encode putative 
cellobiohydrolases, β-xylanases, cellodextrinases, lytic polysaccharide monooxygenases 
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and carbohydrate esterases. A putative acetylxylan esterase is also present, as well as a 
possible maltase; no β-glucosidases were identified. 
Only two CAZymes transcripts were found in the crystalline style sac best 1,000 transcripts. 
These are both bacterial and represents only 0.0142% (DN361801_c10_g1_i3, a CE3) and 
0.0059% (DN359415_c2_g1_i3, an AA6) of the total transcriptome. 
 
Figure 4.4 shows the presence and abundance of each single CAZyme transcript in the four 
organs whose transcriptome was analysed. It clearly illustrates how the gills are specialised 
for the transcription of enzymes mainly from the families AA10, GH5, GH6 and GH11, while 
the digestive glands produces GH9s, GH45s, GH1s, GH2s and some GH10s. The caecum 
mainly transcribes GH30s and GH1s, this last family containing different transcripts from 
those found in the digestive glands. The crystalline style sac generally lacks CAZyme 
transcripts except for the AA6 and a CE3, which likely come from contamination with 
bacterial RNA. Only four transcripts are transcribed in all the organs (excluding the style 
sac), and include a possible maltase (GH13_17), a putative chitinase (GH18), a N-acetyl β-
glucosaminidase (GH84) and a presumed carbohydrate esterase (CE3). The figure also 
shows the range of different subfamilies of GH5 that are produced in the gills. Subfamilies 
53 and 8 are found in different transcripts, and subfamily 2 is also present, as well as some 
contigs for which a specific subfamily was not possible to determine. GH5s belonging to the 
subfamily 2 are known to typically have an endo-β-1,4-glucanase activity, while those from 
subfamily 8 are endo-β-1,4-mannanase and from subfamily 53 are normally 
cellodextrinases (Aspeborg et al., 2012).  
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Figure 4.4. Transcript levels (in TPM) of the contigs with a CAZy domain identified in the 1,000 most expressed transcripts of the digestive glands, caecum, gills and crystalline style 
sac.  
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4.4 The role of the caecum in sugar transport  
 
The caecum is an organ that among Teredinids is exclusively found in those that bore into 
wood. It is known to store wood particles, and various observations suggest that is may 
also be responsible for wood digestion and the absorption of the breakdown products 
(Bazylinski and Rosenberg, 1983; Betcher et al., 2012). The evidence mainly comes from 
anatomical structures (extensive vascularisation, presence of a ciliated epithelium and of 
the typhlosole) together with some biochemical characterisation that shows the presence 
of wood-degrading enzymes, as discussed in detail in chapter 3.4.1. In this section, further 
evidence from the analysis of the shipworm’s transcriptome is presented. The transport of 
glucose through the cytoplasmic membrane can be passive by diffusion, or requiring 
energy; in both cases carrier proteins are normally involved (Hanquet et al., 2011). In 
eukaryotes, including invertebrates, they are classed into two different groups, those that 
are sodium-dependent (Wright, 2001) and those that are sodium-independent (Joost and 
Thorens, 2001). The L. pedicellatus most highly expressed 1,000 transcripts from the four 
organs were analysed for sequences annotated as sugar transporters. The search resulted 
in four different transcripts (listed in Table 4.5), but other less expressed ones were also 
identified in the most highly expressed 10,000 transcripts (data not presented). They all are 
annotated as glucose transporters, with two of them being sodium dependent and two 
sodium-independent, with small e-values and high similarity to transcripts found in other 
marine or freshwater bivalves or gastropods. 
 
Table 4.5. Transcripts annotated as putative sugar transporters identified in the transcriptome of L. 
pedicellatus. The table lists the name of the transcript (contig name), its length (seq length), the annotation 
(annotation) with its e-value (annot e-value) and species (species) obtained by blasting against the NCBI non-
redundant database, and whether the transcript is of eukaryotic or prokaryotic origin (domain).  
Contig name Contig 
length 
Annotation Annot  
e-value 
Species Domain 
c177599_g1_i1 4235 solute carrier family 2, facilitated glucose 
transporter member 1-like isoform X1 
2.00E-176 Biomphalaria 
glabrata 
Eukaryotes 
c168760_g1_i2 1928 sodium-dependent glucose transporter 1B-
like 
2.00E-81 Mizuhopecten 
yessoensis 
Eukaryotes 
c174944_g1_i2 2496 solute carrier family 2, facilitated glucose 
transporter member 1-like 
0.0 Aplysia 
californica 
Eukaryotes 
c180106_g2_i1 1915 sodium-dependent glucose transporter 1B-
like 
6.00E-66 Crassostrea 
virginica 
Eukaryotes 
 
The expression levels of the transcripts listed in Table 4.5 are shown in Figure 4.5, which 
shows that the caecum is the main organ involved in the transcription of sugar transporters. 
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Three different sugar transporters are expressed in its tissues, one of which 
(c177599_g1_i1) is also found in the digestive gland transcriptome, where it could be linked 
to the presence of the wood-degrading phagocytes found in the white portion of the gland. 
A fourth transcript is instead found in the gills transcriptome and could be involved in the 
uptake of sugar from sea water (Welborn and Manahan, 1990). The protein encoded by 
c177599_g1_i1 is also found in the proteome of the caecum (and in the digestive glands 
proteome, but only among those proteins with just one significant match).  
 
 
Figure 4.5. Expression levels of the putative glucose transporters identified in the transcriptome of L. 
pedicellatus. The graph shows the transcript abundance of the four contigs annotated as putative glucose 
transporters (listed in table 4.5) found in the best 1,000 transcripts of the digestive gland, caecum, gills and 
crystalline style.  
 
4.5 Analysis of the proteome of digestive glands, caecum, gills and crystalline style  
 
The protein content of gills, digestive glands, caecum fluids and crystalline style was 
analysed using mass spectrometry-based shotgun proteomics (details in materials and 
methods, section 2.4). Five adult L. pedicellatus were dissected for this purpose, and 
proteins from their organs were pooled together by type before trypsinolysis, to avoid 
individual variability that could skew the results. For the crystalline style, 21 different ones 
were collected from the same number of specimens and pooled together, due to the small 
size of the organ. Mascot searches were preformed against the L. pedicellatus 
transcriptome of digestive glands, gills, caecum and crystalline style sac. The resulting 
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matches were searched for CAZymes using the web server dbCAN and by sequence 
annotation against the NCBI non-redundant database. The analysis resulted in 1,455 
proteins with more than one significant match identified for the digestive glands, 761 for 
the caecum, 687 for the gills and 69 for the crystalline style. The CAZymes identified among 
these proteins are shown, grouped by families, in Figure 4.6, where the presence of a 
bacterial enzyme is marked with an asterisk (*), while a carat (^) represents mixed bacterial 
and eukaryotic ones.  
The digestive glands contain almost entirely endogenous proteins, with only 0.4% being 
bacterial; among the CAZymes (which represent 2.9% of the proteome), the percentage of 
bacterial CAZymes rises to 4.1%. The most abundant CAZy class is the GH1 (18.8%), closely 
followed by GH9 (15.3%) and GH5 (11.7%). This last class is the only one, together with the 
GH10, to contain some bacterial proteins. GH59 (6.8%), GH29 (5.6%) and GH18 (5.4%) are 
the following classes present in significant amounts, while all the other classes represent 
less than 4% each of the total of CAZymes. This only partially reflects the results of the 
transcriptomics, where GH1 and GH9 are also very abundant; however, the proteomics 
contains very small amount of GH45 and GH2, which were found to be abundant in the 
transcriptome. GH13, GH84 and GH71 families are also not identified in the proteomics 
data, while they are present in the transcriptome.  
The proteomics of the caecum fluids contains 4.8% of prokaryotic proteins, and the 
CAZymes are 18.2% of the total. These CAZymes are a mixture of endogenous and 
prokaryotic proteins, with the former being the most abundant, representing 87.6% of the 
total CAZymes, compared to 12.4% for the bacterial ones. The GH1 family dominates the 
CAZy caecum proteome, with 31.1%, followed by the GH9 (21.3%) and GH5 (10.0%); these 
are also the most abundant families found in the digestive glands. The caecum proteome 
also contains the families GH2 (8.3%), GH134 (4.2%) and GH13 (3.9%). All the other families 
are found to be less than 4% each. Some CEs (from the families 1, 3, 6, 10, 12 and 15) and 
AAs (families 4, 7 and 10) have been identified in the proteome, but their amount is so 
small that they are not possible to visualise in the pie chart and they are grouped among 
those proteins representing less than 1% of the CAZymes. The CAZy abundance of the 
caecum does not closely reflect the transcriptome, where the GH30s were the most 
abundant class; GH84 and GH18 are also absent, while the only classes that are found both 
in the transcriptomics and the proteomics are the GH1, the GH13 and the CE3. 
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The majority of the gill proteome comprises eukaryotic proteins (90.3%, versus 9.7% 
prokaryotic). The CAZymes represent 1.23% of the total proteins, with 73.2% of them being 
from the shipworm (26.8% prokaryotic). The GH5 class, including only proteins of bacterial 
origin, dominates the proteome (26.8%), together with AA4s (24.1%), which on the 
contrary are endogenous and are annotated as vanillyl-alcohol oxidases. The rest of the 
CAZymes are also eukaryotic, including the families GH59 (12.3%), GH29 (8.0%), GH9 
(6.5%), GH38 (6.1%), GH3 (5.4%), CE10 (5.0%), GH20 (3.4%) and GH31 (2.3%). The low 
amounts of prokaryotic CAZymes is surprising, but this result is probably due to procedural 
problems in the preparation of the samples (inefficient breakage of the bacterial cell walls) 
rather than being representative of the real protein composition. This probably reflects on 
the different classes found in the gills’ transcriptome, given that the GH5 is the only family 
found in both proteome and transcriptome.  
The crystalline style proteome is comprised mostly of endogenous proteins (92.4% versus 
7.6% prokaryotic), while the CAZymes originate almost equally from the bacteria (54.2%) 
and the shipworm (45.8%). The style proteome contains seven different CAZymes families, 
among which the GH5 is by far the most abundant GH class (41%) and contains both 
eukaryotic and prokaryotic enzymes, although the former are three times more abundant. 
Endogenous GH9 constitute 25.0% of the CAZymes and prokaryotic GH134 mannanases 
19.0%. Other classes found are GH16 (5.4%), CE3 (5.1%), GH35 (3.6%) and GH1 (1.2%), of 
which only the CE3 is bacterial. The crystalline style sac produces only one of the CAZyme 
class found in the style proteome (the CE3), which is found only in very small quantities 
among these enzymes (5.1% of the CAZymes in the proteome in contrast to 70.8% in the 
transcriptome) and could be due to bacterial contamination. 
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Figure 4.6. CAZyme classes identified in the proteomic analysis of the digestive glands, caecum, gills and 
crystalline style sac of L. pedicellatus. The pie charts were obtained by searching for CAZymes (using dbCAN) 
each organ’s proteins with 2 or more significant matches against the transcriptome of gills, digestive glands, 
caecum and crystalline style sac, and then calculating their relative abundance. The charts do not include 
glycosyl transferases or proteins containing a CBM but no other identified CAZymes. Protein classes from 
bacterial enzymes are marked with an asterisk (*) and those that contain both bacterial and eukaryotic 
proteins with a carat (^).  
 
Tables 4.6 to 4.9 list all the proteins containing at least one CAZy domain identified in the 
proteomics of the four organs analysed. For each protein, abundance is shown calculated 
as emPAI score (exponentially modified Protein Abundance Index (Ishihama et al., 2005)), 
as well as the percentage of the overall proteome that it represents. The tables also report 
the CAZy families and subfamilies included in the protein and their relative e-values, as well 
as the protein annotation and the species and higher taxonomical group it belongs to. 
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Table 4.6. CAZymes of the digestive glands. The table shows the results for the Mascot search of the LC-MS/MS analysis performed on L. pedicellatus digestive glands 
against the transcriptome of gills, digestive glands, caecum and crystalline style sac. Only proteins with two or more significant matches are included. The table lists 
the name of the protein (contig name), it abundance calculated as emPAI score (emPAI score), its relative abundance among those with two or more significant matches 
(emPAI score %), the CAZy modules (with subfamily after the underscore) identified in the transcript (CAZy modules) and their e-values (CAZy e-value), the annotation 
(annotation) and species (species) obtained by blasting against the NCBI non-redundant database, and whether the transcript is of eukaryotic or prokaryotic origin 
(domain). 
Contig name emPAI score emPAi score % CAZy modules CAZy e-value Annotation Species Domain 
c165315_g1_i2 1.22 0.22 GH5_8+CBM10+CBM2 3E-20 GH family 5_8 domain-containing protein  Alteromonadaceae bacterium Bs08 prokaryotes 
c165524_g1_i1 0.74 0.13 GH9 2.2E-32 cytoplasmic aconitate hydratase-like isoform X1  Crassostrea virginica eukaryotes 
c176681_g1_i13 0.66 0.12 GH59 6.6E-136 galactocerebrosidase-like isoform X2  Mizuhopecten yessoensis eukaryotes 
c180475_g2_i5 0.56 0.10 GH29 1.5E-47 alpha-L-fucosidase  Crassostrea gigas eukaryotes 
c173596_g2_i1 0.55 0.10 AA7 6E-13 alkyldihydroxyacetonephosphate synthase  Crassostrea gigas eukaryotes 
c169024_g2_i1 0.55 0.10 GH5_10 2.4E-101 mannan endo-1,4-beta-mannosidase  Mizuhopecten yessoensis eukaryotes 
c175047_g4_i1 0.52 0.09 GH1 1.7E-25 lactase-like protein isoform X4  Cynoglossus semilaevis eukaryotes 
c181452_g1_i2 0.47 0.08 CE1 1.5E-52 S-formylglutathione hydrolase-like  Mizuhopecten yessoensis eukaryotes 
c178040_g2_i1 0.47 0.08 GH1 1.1E-160 lactase-phlorizin hydrolase-like  Lingula anatina eukaryotes 
c174752_g6_i1 0.44 0.08 AA4 2.6E-23 glyoxylate reductase/hydroxypyruvate reductase  Ceratitis capitata eukaryotes 
c175967_g4_i7 0.44 0.08 GH59 4.2E-112 galactocerebrosidase-like isoform X2  Mizuhopecten yessoensis eukaryotes 
c180131_g1_i2 0.43 0.08 GH1 9.7E-99 lactase-phlorizin hydrolase-like  Mizuhopecten yessoensis eukaryotes 
c176241_g1_i1 0.42 0.08 GH3 2.5E-30 beta-D-xylosidase 5  Mizuhopecten yessoensis eukaryotes 
c176477_g1_i1 0.42 0.08 GH38+GH38 2.4E-46 lysosomal alpha-mannosidase  Crassostrea gigas eukaryotes 
c178040_g3_i1 0.38 0.07 GH1+GH1+GH1 6.1E-160 lactase-phlorizin hydrolase-like  Mizuhopecten yessoensis eukaryotes 
c156925_g1_i1 0.38 0.07 GH9 2.4E-38 beta-1,4-glucanase 3  Polyphaga aegyptiaca eukaryotes 
c86197_g1_i1 0.35 0.06 GH45 5.00E-43 endoglucanase-like  Crassostrea gigas eukaryotes 
c177483_g5_i1 0.34 0.06 GH29 9.4E-59 alpha-L-fucosidase  Strongylocentrotus purpuratus eukaryotes 
c180385_g4_i3 0.33 0.06 GH1 1.1E-65 lactase-phlorizin hydrolase-like  Mizuhopecten yessoensis eukaryotes 
c170561_g7_i1 0.33 0.06 GH10+CBM60 1.4E-28 GH family 10 domain-containing protein  Alteromonadaceae bacterium Bs02 prokaryotes 
c171242_g3_i1 0.31 0.06 GH18 2.8E-83 chitinase 3  Crassostrea gigas eukaryotes 
c177931_g2_i1 0.31 0.06 GH18 3.7E-35 acidic mammalian chitinase  Crassostrea gigas eukaryotes 
c181365_g1_i1 0.30 0.05 GH27+CBM13 1.1E-129 N-acetylgalactosaminyltransferase 5-like isof. X1  Crassostrea virginica eukaryotes 
c168511_g1_i1 0.30 0.05 GH9 6.7E-109 cellulase  Corbicula japonica eukaryotes 
c178993_g2_i3 0.28 0.05 CE10 3.4E-22 S9 family peptidase  Moorea producens eukaryotes 
c176344_g1_i4 0.28 0.05 GH9 2E-123 cellulase  Corbicula japonica eukaryotes 
c178089_g2_i13 0.27 0.05 GH2 2.5E-79 beta-mannosidase-like  Crassostrea virginica eukaryotes 
c153913_g1_i1 0.27 0.05 GH30 7.7E-41 endo-1,6-beta-D-glucanase BGN16.3  Crassostrea gigas eukaryotes 
c178040_g1_i1 0.25 0.04 GH1+GH1 1E-138 lactase-phlorizin hydrolase-like  Mizuhopecten yessoensis eukaryotes 
c176294_g3_i1 0.25 0.04 GH18 4.4E-37 di-N-acetylchitobiase-like  Crassostrea virginica eukaryotes 
c151620_g1_i1 0.24 0.04 GH9 7.5E-34 endoglucanase 13-like  Mizuhopecten yessoensis eukaryotes 
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c179852_g6_i1 0.23 0.04 CE10 3.4E-36 arylacetamide deacetylase-like  Crassostrea virginica eukaryotes 
c180568_g1_i1 0.23 0.04 GH27 1.1E-22 alpha-N-acetylgalactosaminidase  Crassostrea gigas eukaryotes 
c173097_g2_i4 0.22 0.04 GH9+CBM2 1.6E-133 endo-1,6-beta-D-glucanase BGN16.3  Crassostrea gigas eukaryotes 
c177559_g1_i4 0.21 0.04 GH1 2E-41 lactase-phlorizin hydrolase-like  Crassostrea virginica eukaryotes 
c169869_g1_i2 0.21 0.04 GH11 3.6E-36 1,4-beta-xylanase  Micromonospora rifamycinica prokaryotes 
c166743_g1_i1 0.19 0.03 GH30 9.8E-41 endo-1,6-beta-D-glucanase BGN16.3  Crassostrea gigas eukaryotes 
c178224_g1_i3 0.18 0.03 GH1+GH1 2.6E-78 lactase-phlorizin hydrolase-like  Mizuhopecten yessoensis eukaryotes 
c177408_g1_i3 0.17 0.03 GH31 2.5E-46 neutral alpha-glucosidase AB-like isoform X2  Crassostrea virginica eukaryotes 
c176563_g3_i3 0.17 0.03 GH9 2.2E-74 cellulase  Corbicula japonica eukaryotes 
c176983_g1_i3 0.15 0.03 GH1+GH1 2.3E-90 lactase-phlorizin hydrolase-like  Mizuhopecten yessoensis eukaryotes 
c181959_g1_i5 0.15 0.03 GH20 1E-94 beta-hexosaminidase subunit beta-like isof. X3  Crassostrea virginica eukaryotes 
c179342_g2_i11 0.15 0.03 GH3 4.6E-51 beta-D-xylosidase 5 isoform X1  Mizuhopecten yessoensis eukaryotes 
c180449_g1_i10 0.14 0.03 GH9+CBM2 3.1E-114 cellulase  Corbicula japonica eukaryotes 
c177884_g1_i11 0.13 0.02 GH35 4E-56 beta-galactosidase-1-like protein 2  Mizuhopecten yessoensis eukaryotes 
c179397_g1_i1 0.12 0.02 GH31 1.2E-63 lysosomal alpha-glucosidase  Crassostrea gigas eukaryotes 
c180241_g3_i2 0.12 0.02 GH5_53 4.4E-186 GH family 5_53 domain-containing protein  Alteromonadaceae bacterium Bs12 prokaryotes 
c177062_g4_i1 0.09 0.02 AA1_3 6E-12 laccase-2 isoform X1  Crassostrea gigas eukaryotes 
c177364_g2_i5 0.09 0.02 CE10 1.4E-21 acylamino-acid-releasing enzyme-like  Octopus bimaculoides eukaryotes 
c178525_g2_i1 0.09 0.02 GH1+GH1+GH1 1.9E-100 lactase-phlorizin hydrolase-like  Mizuhopecten yessoensis eukaryotes 
c182208_g1_i1 0.03 0.01 GH1+GH1 1.9E-157 lactase-phlorizin hydrolase-like  Mizuhopecten yessoensis eukaryotes 
c182171_g1_i4 0.03 0.01 GH20+GH20 1.6E-86 beta-hexosaminidase  Crassostrea gigas eukaryotes 
 
Table 4.7. CAZymes of the caecum.  The table shows the results for the Mascot search of the LC-MS/MS analysis performed on L. pedicellatus caecum against the 
transcriptome of gills, digestive glands, caecum and crystalline style sac. Only proteins with two or more significant matches are included. The table fields are the same 
as in Table 4.6. 
Contig name emPAI score emPAi score % CAZy family  CAZy e-value Annotation Species Domain 
c88022_g1_i2 2.43 0.82 GH5 2.00E-29 endo-beta 1-4 mannanase  Haliotis discus discus eukaryotes 
c122374_g1_i1 2.24 0.76 GH134+3xCBM10 1.1E-36 plant cell wall polysaccharide active protein  Alteromonadaceae bacterium Bs12 prokaryotes 
c175047_g4_i1 1.99 0.67 GH1 1.7E-25 beta-glucosidase  Thermobacillus composti KWC4 eukaryotes 
c178040_g3_i1 1.61 0.54 GH1+GH1+GH1 6.1E-160 lactase-phlorizin hydrolase-like  Biomphalaria glabrata eukaryotes 
c178040_g3_i2 1.59 0.54 GH1+GH1+GH1 3.2E-160 lactase-phlorizin hydrolase-like  Biomphalaria glabrata eukaryotes 
c173097_g2_i4 1.45 0.49 GH9 1.6E-133 endoglucanase E-4  Crassostrea gigas eukaryotes 
c23661_g1_i1 1.43 0.48 GH9 4.00E-18 cellulase  Haliotis gigantea eukaryotes 
c4960_g1_i1 1.41 0.48 GH13 0.074 endoglucanase 13-like  Aplysia californica eukaryotes 
c178089_g2_i1 1.27 0.43 GH2 1.00E-114 beta-mannosidase  Crassostrea gigas eukaryotes 
c178040_g2_i1 1.17 0.40 GH1 1.1E-160 lactase-phlorizin hydrolase-like  Lingula anatina eukaryotes 
c151620_g1_i1 1.14 0.39 GH9 7.5E-34 endoglucanase  Mizuhopecten yessoensis eukaryotes 
c177884_g1_i15 1.04 0.35 GH35 7E-56 beta-galactosidase-1-like protein 2, partial  Crassostrea gigas eukaryotes 
c177535_g3_i3 0.99 0.34 GH5_10 5.1E-39 beta-mannanase from blue mussel Mytilus edulis Mytilus Eedulis eukaryotes 
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c169024_g2_i1 0.94 0.32 GH5_10 2.4E-101 mannan endo-1,4-beta-mannosidase Mytilus edulis eukaryotes 
c178326_g2_i4 0.93 0.31 GH9 8.00E-26 endoglucanase E-4  Crassostrea gigas eukaryotes 
c179345_g2_i6 0.91 0.31 GH2 2.00E-94 beta-mannosidase-like  Crassostrea gigas eukaryotes 
c165524_g1_i1 0.89 0.30 GH9 2.2E-32 cytoplasmic aconitate hydratase-like isoform X1  Crassostrea gigas eukaryotes 
c178040_g1_i1 0.87 0.29 GH1+GH1 1E-138 lactase-phlorizin hydrolase-like  Lingula anatina eukaryotes 
c178089_g2_i13 0.81 0.27 GH2 2.5E-79 beta-mannosidase-like  Limulus polyphemus eukaryotes 
c119776_g1_i1 0.80 0.27 GH67 7.00E-47 alpha-glucuronidase  Teredinibacter turnerae prokaryotes 
c178065_g1_i3 0.79 0.27 GH1 6.00E-24 beta-glucosidase  Corbicula japonica eukaryotes 
c181524_g3_i2 0.79 0.27 GH2 3.00E-152 beta-glucuronidase  Chrysochloris asiatica eukaryotes 
c180385_g4_i3 0.76 0.26 GH1 1.1E-65 lactase-phlorizin hydrolase  Callorhinchus milii eukaryotes 
c180131_g1_i2 0.72 0.24 GH1 9.7E-99 lactase-phlorizin hydrolase-like  Biomphalaria glabrata eukaryotes 
c165315_g1_i2 0.70 0.24 GH5_8+CBM10+CBM2 3E-20 beta-mannosidase  Alteromonadaceae bacterium Bs12 prokaryotes 
c176983_g1_i4 0.70 0.24 GH1+GH1 1.3E-111 lactase-phlorizin hydrolase-like  Biomphalaria glabrata eukaryotes 
c166743_g1_i1 0.69 0.23 GH30 9.8E-41 endo-1,6-beta-D-glucanase BGN16.3-like  Crassostrea gigas eukaryotes 
c180449_g1_i10 0.69 0.23 GH9+CBM2 3.1E-114 cellulase  Corbicula japonica eukaryotes 
c179345_g2_i11 0.69 0.23 GH2 9.00E-107 beta-mannosidase-like  Crassostrea gigas eukaryotes 
c172990_g3_i3 0.69 0.23 GH9 8.00E-10 cellulase  Haliotis kamtschatkana eukaryotes 
c181813_g5_i3 0.65 0.22 GH1 2.1E-65 lactase-phlorizin hydrolase-like  Lingula anatina eukaryotes 
c176344_g1_i3 0.64 0.22 GH9 1.3E-77 cellulase  Corbicula japonica eukaryotes 
c156925_g1_i1 0.63 0.21 GH9 2.4E-38 cellulase  Corbicula japonica eukaryotes 
c178525_g2_i4 0.62 0.21 GH1+GH1+GH1 1.9E-100 lactase-phlorizin hydrolase-like  Biomphalaria glabrata eukaryotes 
c153913_g1_i1 0.61 0.21 GH30 7.7E-41 endo-1,6-beta-D-glucanase BGN16.3-like  Crassostrea gigas eukaryotes 
c168511_g1_i1 0.61 0.21 GH9 6.7E-109 cellulase  Corbicula japonica eukaryotes 
c177148_g1_i2 0.60 0.20 GH1 2.00E-46 lactase-like protein  Crassostrea gigas eukaryotes 
c172023_g1_i1 0.59 0.20 GH10 2E-15 endo-1,4-beta-xylanase  Corbicula japonica eukaryotes 
c176344_g1_i4 0.55 0.19 GH9 2E-123 cellulase  Corbicula japonica eukaryotes 
c178525_g2_i1 0.54 0.18 GH1+GH1+GH1 1.9E-100 lactase-phlorizin hydrolase-like  Biomphalaria glabrata eukaryotes 
c170561_g7_i1 0.52 0.18 GH10 1.4E-28 GH family 10 domain-containing protein  Alteromonadaceae bacterium Bs02 prokaryotes 
c177035_g4_i2 0.50 0.17 GH1 4.6E-20 lactase-phlorizin hydrolase-like  Biomphalaria glabrata eukaryotes 
c171242_g3_i1 0.50 0.17 GH18 2.8E-83 putative chitinase 3  Crassostrea gigas eukaryotes 
c176344_g2_i3 0.48 0.16 GH9 1.9E-42 endoglucanase A-like isoform X2  Biomphalaria glabrata eukaryotes 
c167147_g1_i2 0.47 0.16 GH1 7.8E-50 lactase-phlorizin hydrolase-like  Saccoglossus kowalevskii eukaryotes 
c176563_g3_i3 0.47 0.16 GH9 2.2E-74 cellulase  Corbicula japonica eukaryotes 
c176117_g2_i7 0.45 0.15 CE6 1E-10 sialate O-acetylesterase-like isoform X1  Octopus bimaculoides eukaryotes 
c167807_g1_i1 0.44 0.15 GH1 3.2E-11 lactase-phlorizin hydrolase-like  Biomphalaria glabrata eukaryotes 
c172204_g1_i1 0.43 0.15 GH31 3.2E-82 glyoxylate reductase/hydroxypyruvate reductase Mizuhopecten yessoensis eukaryotes 
c169869_g1_i1 0.41 0.14 GH11+CBM10+CBM5 1.7E-14 1,4-beta-xylanase  Cellvibrio sp. OA-2007 prokaryotes 
c177348_g1_i10 0.41 0.14 GH35 2.90E-129 glycogen phosphorylase, muscle form-like  Mizuhopecten yessoensis eukaryotes 
c178326_g1_i1 0.40 0.14 GH9 7.3E-60 endoglucanase 14-like  Aplysia californica eukaryotes 
c175019_g2_i1 0.38 0.13 GH13_24+GH13_15 2.4E-44 alpha-amylase  Corbicula fluminea eukaryotes 
c176756_g1_i11 0.36 0.12 GH16 3.5E-38 endo-1,3-beta-D-glucanase  Tapes literata eukaryotes 
c182208_g1_i1 0.36 0.12 GH1+GH1 1.9E-157 lactase-phlorizin hydrolase-like  Lingula anatina eukaryotes 
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c167653_g1_i1 0.36 0.12 GH2 1.00E-58 beta-mannosidase-like  Crassostrea gigas eukaryotes 
c177997_g2_i1 0.35 0.12 GH1+GH1 4.9E-74 lactase-phlorizin hydrolase-like  Mizuhopecten yessoensis eukaryotes 
c86197_g1_i1 0.35 0.12 GH45 5.00E-43 endoglucanase-like  Crassostrea gigas eukaryotes 
c175142_g1_i6 0.34 0.12 GH109 3.6E-12 oxidoreductase YrbE-like isoform X2  Lingula anatina eukaryotes 
c178224_g1_i5 0.34 0.12 GH1+GH1 4.1E-89 lactase-phlorizin hydrolase-like  Lingula anatina eukaryotes 
c169869_g1_i2 0.33 0.11 GH11 3.6E-36 1,4-beta-xylanase Micromonospora rifamycinica] prokaryotes 
c177559_g1_i4 0.33 0.11 GH1 2E-41 lactase-phlorizin hydrolase-like  Crassostrea virginica eukaryotes 
c180241_g3_i2 0.33 0.11 GH5_53 4.4E-186 GH family 5_53 domain-containing protein  Alteromonadaceae bacterium Bs12 prokaryotes 
c177931_g2_i1 0.31 0.10 GH18 3.7E-35 acidic mammalian chitinase  Crassostrea gigas eukaryotes 
c179397_g1_i1 0.31 0.10 GH31 1.2E-63 lysosomal alpha-glucosidase  Crassostrea gigas eukaryotes 
c180385_g2_i2 0.30 0.10 GH1 6.5E-77 lactase-phlorizin hydrolase-like isoform X2  Lingula anatina eukaryotes 
c174752_g6_i1 0.28 0.09 AA4 2.6E-23 putative D-lactate dehydrogenase, mitochondrial  Crassostrea gigas eukaryotes 
c179423_g1_i1 0.27 0.09 CE3+CE3+CBM10 1.3E-38 carbohydrate esterase, family 3  Teredinibacter turnerae T7901 prokaryotes 
c132896_g1_i1 0.27 0.09 GH9 3.00E-54 glycoside hydrolase family 9  Teredinibacter turnerae prokaryotes 
c181452_g1_i2 0.25 0.08 CE1 1.5E-52 S-formylglutathione hydrolase-like  Limulus polyphemus eukaryotes 
c176461_g2_i2 0.24 0.08 GH109 4.5E-11 trans-1,2-dihydrobenzene-1,2-diol dehydrogenase  Lingula anatina eukaryotes 
c177919_g1_i10 0.24 0.08 GH1 1.8E-137 lactase-phlorizin hydrolase-like  Biomphalaria glabrata eukaryotes 
c180385_g3_i4 0.22 0.07 GH1 2.9E-39 lactase-phlorizin hydrolase-like  Mizuhopecten yessoensis eukaryotes 
c170561_g5_i1 0.22 0.07 GH10+CBM60 2E-53 CE family 6&GH family 10 domain-cont. protein  Alteromonadaceae bacterium Bs08 prokaryotes 
c178993_g2_i3 0.20 0.07 CE10 3.4E-22 prolyl tripeptidyl peptidase-like  Lingula anatina eukaryotes 
c176118_g2_i4 0.20 0.07 GH31 1.1E-80 sucrase-isomaltase, intestinal-like  Lingula anatina eukaryotes 
c182171_g1_i4 0.20 0.07 GH20+GH20 1.6E-86 putative beta-hexosaminidase  Crassostrea gigas eukaryotes 
c171811_g1_i2 0.18 0.06 GH13_24 3E-144 alpha-amylase  Hyriopsis cumingii eukaryotes 
c177241_g1_i3 0.17 0.06 GH45+GH45+CBM10 7.4E-29 GH family 45 domain-containing protein  Alteromonadaceae bacterium Bs12 prokaryotes 
c158412_g1_i2 0.16 0.05 CE12 1.3E-10 isoamyl acetate-hydrolyzing esterase 1 homolog  Crassostrea gigas eukaryotes 
c173596_g2_i1 0.16 0.05 AA7 6E-13 alkyldihydroxyacetonephosphate synthase  Crassostrea gigas eukaryotes 
c173837_g2_i2 0.16 0.05 AA10+CBM10 6.1E-37 chitin-binding protein  Alteromonadaceae bacterium Bs12 prokaryotes 
c177712_g2_i7 0.16 0.05 GH1+GH1 8.9E-60 beta-glucosidase  Corbicula japonica eukaryotes 
c177442_g1_i2 0.14 0.05 GH9+CBM3 7.6E-71 glycoside hydrolase family 9  Alteromonadales bacterium BS08 prokaryotes 
c177250_g1_i1 0.12 0.04 GH13_15+GH13_15 1.5E-79 alpha-amylase, partial  Cerastoderma edule eukaryotes 
c174824_g1_i1 0.09 0.03 CE15+CE15+CBM57 7.4E-35 carbohydrate esterase family 15 domain protein  Teredinibacter turnerae T7901 prokaryotes 
c181959_g1_i5 0.09 0.03 GH20 1E-94 beta-hexosaminidase subunit alpha-like isoform X3  Lingula anatina eukaryotes 
c181813_g3_i4 0.09 0.03 GH1 8.9E-130 lactase-phlorizin hydrolase-like isoform X2  Lingula anatina eukaryotes 
c181032_g1_i1 0.08 0.03 GH35 3.2E-110 beta-galactosidase-1-like protein 2  Mizuhopecten yessoensis eukaryotes 
c176477_g1_i1 0.07 0.02 GH38+GH38 2.4E-46 lysosomal alpha-mannosidase  Crassostrea gigas eukaryotes 
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Table 4.8. CAZymes of the gills.  The table shows the results for the Mascot search of the LC-MS/MS analysis performed on L. pedicellatus gills against the transcriptome 
of gills, digestive glands, caecum and crystalline style sac. Proteins with two or more significant matches are in black, while those with just one match are in green, and 
therefore the relative abundance among those with more than two matched could not be calculated. The table fields are the same as in Table 4.6. 
Contig name emPAI 
score 
emPAi 
score % 
CAZy family  CAZy e-value Annotation Species Domain 
c165315_g1_i
2 
0.7 0.33 GH5_8+CBM10+CBM
2 
3E-20 beta-mannosidase  Alteromonadaceae bacterium Bs12 prokaryotes 
c174752_g6_i
1 
0.63 0.30 AA4 2.6E-23 D-lactate dehydrogenase, mitochondrial  Crassostrea gigas eukaryotes 
c175967_g4_i
7 
0.32 0.15 GH59 4.2E-112 galactocerebrosidase-like isoform X4  Lingula anatina eukaryotes 
c122374_g1_i
1 
0.26 N/A GH134+3xCBM10 6.70E-31 plant cell wall polysaccharide active protein Alteromonadaceae bacterium Bs12 prokaryotes 
c177483_g5_i
1 
0.21 0.10 GH29 9.4E-59 alpha-L-fucosidase  Strongylocentrotus purpuratus eukaryotes 
c181452_g1_i
1 
0.18 N/A CE1 8.50E-25 S-formylglutathione hydrolase-like  Acanthaster planci eukaryotes 
c165524_g1_i
1 
0.17 0.08 GH9 2.2E-32 cytoplasmic aconitate hydratase-like isoform X1  Crassostrea gigas eukaryotes 
c176477_g1_i
1 
0.16 0.08 GH38+GH38 2.4E-46 lysosomal alpha-mannosidase  Crassostrea gigas eukaryotes 
c179342_g2_i
1 
0.14 0.07 GH3 3.1E-51 beta-xylosidase/alpha-L-arabinofuranosidase 1-like isoform 
X2  
Mizuhopecten yessoensis eukaryotes 
c178993_g2_i
3 
0.13 0.06 CE10 3.4E-22 prolyl tripeptidyl peptidase-like  Lingula anatina eukaryotes 
c177001_g3_i
1 
0.11 N/A GH5+CBM10 2.40E-13 beta-mannosidase  Teredinibacter sp. 1162T.S.0a.05 prokaryotes 
c181959_g1_i
5 
0.09 0.04 GH20 1E-94 beta-hexosaminidase subunit alpha-like  Lingula anatina eukaryotes 
c165327_g1_i
2 
0.09 N/A GH15 1.20E-10 phosphorylase b kinase regulatory subunit alpha  Mizuhopecten yessoensis eukaryotes 
c168055_g1_i
1 
0.08 N/A GH103 5.10E-55 lytic murein transglycosylase B  Teredinibacter sp. 1162T.S.0a.05 prokaryotes 
c173596_g2_i
1 
0.08 N/A AA7 5.00E-13 alkyldihydroxyacetonephosphate synthase Crassostrea gigas eukaryotes 
c176294_g3_i
1 
0.08 N/A GH18 1.80E-36 di-N-acetylchitobiase-like  Crassostrea virginica eukaryotes 
c173140_g2_i
1 
0.07 N/A GH10 5.40E-51 1,4-beta-xylanase  Luteimonas sp. 100111 prokaryotes 
c175079_g3_i
1 
0.06 0.03 GH31 7.2E-149 lysosomal alpha-glucosidase-like  Sturnus vulgaris eukaryotes 
c171616_g1_i
1 
0.06 N/A GH5_8 2.60E-39 beta-mannosidase  Saccharophagus degradans prokaryotes 
c179423_g1_i
1 
0.06 N/A CE3+CE3+CBM10 6.10E-16 carbohydrate esterase  Teredinibacter turnerae prokaryotes 
c174824_g1_i
1 
0.05 N/A CE15+CE15+CBM57 1.70E-28 carbohydrate esterase  Alteromonadales bacterium BS08 prokaryotes 
c177408_g1_i
3 
0.05 N/A GH31 2.50E-46 neutral alpha-glucosidase AB-like isoform X2  Crassostrea virginica eukaryotes 
c179310_g1_i
1 
0.05 N/A CE6 0.00016 sialate O-acetylesterase-like isoform X3  Mizuhopecten yessoensis eukaryotes 
c178689_g1_i
1 
0.04 N/A GH18 5.00E-11 di-N-acetylchitobiase isoform X1  Crassostrea gigas eukaryotes 
c179335_g1_i
1 
0.04 N/A GH13_17 4.00E-76 probable maltase Lingula anatina eukaryotes 
c181406_g2_i
4 
0.04 N/A CE1 3.60E-06 protein FAM172A-like isoform X1  Crassostrea virginica eukaryotes 
c182171_g1_i
2 
0.02 N/A GH20+GH20 1.40E-50 beta-hexosaminidase  Crassostrea gigas eukaryotes 
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Table 4.9. CAZymes of the crystalline style. The table shows the results for the Mascot search of the LC-MS/MS analysis performed on L. pedicellatus crystalline style 
against the transcriptome of gills, digestive glands, caecum and crystalline style sac. Only proteins with two or more significant matches are included. The table fields 
are the same as in Table 4.6. 
Contig name emPAI 
score 
emPAi 
score % 
CAZy family  CAZy e-value Annotation Species Domain 
c165315_g1_i2 0.60 2.51 GH5_8+CBM10+CBM2 7.3E-16 beta-mannosidase  GH family 5_8 domain-containing protein  Alteromonadaceae bacterium Bs12 Prokaryotes 
c151620_g1_i1 0.56 2.35 GH9 1.1E-85 cellulase  Corbicula japonica Eukaryotes 
c122374_g1_i1 0.52 2.18 GH134+3xCBM10 7E-37 plant cell wall polysaccharide active protein  Alteromonadaceae bacterium Bs12 Prokaryotes 
c176917_g2_i1 0.41 1.72 GH5_53+CBM10+CBM2 3.40E-55 GH family 5_53 domain-containing protein  Alteromonadaceae bacterium Bs08 Prokaryotes 
c169024_g2_i1 0.30 1.26 GH5_10 1E-31 mannan endo-1,4-beta-mannosidase Mytilus edulis Eukaryotes 
c165524_g1_i1 0.19 0.80 GH9 1.3E-32 cytoplasmic aconitate hydratase Crassostrea gigas Eukaryotes 
c176756_g1_i11 0.18 0.75 GH16 2.1E-38 endo-1,3-beta-D-glucanase  Tapes literata Eukaryotes 
c179423_g1_i1 0.17 0.71 CE3+CE3+CBM10 8.1E-39 carbohydrate esterase Teredinibacter turnerae Prokaryotes 
c180176_g1_i1 0.12 0.50 GH134+3XCBM10 5.8E-59 plant cell wall polysaccharide active protein Alteromonadaceae bacterium Bs12 Prokaryotes 
c177884_g1_i11 0.12 0.50 GH35 2.5E-56 beta-galactosidase-1-like protein 2, partial Crassostrea gigas Eukaryotes 
c173097_g2_i4 0.09 0.38 GH9+CBM2 9.9E-134 endoglucanase E-4 Crassostrea gigas Eukaryotes 
c177535_g3_i3 0.06 0.25 GH5_10 8.1E-29 beta-mannanase Mytilus edulis Eukaryotes 
c178040_g1_i2 0.04 0.17 GH1+GH1+GH1+GH1+GH1 1.8E-159 lactase-phlorizin hydrolase-like Biomphalaria glabrata Eukaryotes 
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The digestive glands include a total of 52 proteins containing CAZy domains. Surprisingly, 
the most abundant of them is a GH5_8 of bacterial origin, which is transcribed in the gills. 
Together with a GH5_53, a GH10 and a GH11, also bacterial and transcribed in the gills 
(some of them however are not in the most highly expressed 1,000 transcripts), they 
represent the only prokaryotic proteins of the gills. The endogenous proteins contain quite 
a wide array of CAZy families (21 different ones), with GH1 and GH9 being the most 
represented (11 and 8 proteins respectively), and indeed these families are the most 
abundant CAZymes in the proteome. CE10 and GH18 domains are found in three proteins, 
while all the other families are represented by one or two proteins. There are three 
different proteins belonging to the family of Auxiliary Activities. One is an AA4 and is 
annotated as a glyoxylate reductase/hydroxypyruvate reductase, while the CAZy database 
records activity of vanillyl-alcohol oxidase for this family. The other is an AA7, annotated as 
a perizosomal alkyldihydroxyacetonephosphate synthase and classed as having 
glucooligosaccharide oxidase or chitooligosaccharide oxidase activity in the CAZy database. 
Interestingly, the last one is an AA1_3, a putative laccase or ferroxidase or p-
diphenol:oxygen oxidoreductase, as it contains at least two cupredoxin domains, which are 
copper-containing domain involved in inter-molecular electron transfer reactions (Adman, 
1991). It is transcribed in the gland but in very low amount, and is found in the caecum 
proteomics but among the proteins that only have one significant match.  
Ninety different proteins containing a CAZy domain were identified in the caecum 
proteome, of which 14 are prokaryotic. As in the digestive glands, the CAZy families are 
plentiful (27 different ones), but the most represented families are GH1 (25 different 
eukaryotic proteins) and GH9 (16 proteins of which only two are prokaryotic), many of 
which are transcribed in the digestive glands. AA10s, GH11s, GH134s, CE15s and CE3s are 
exclusively of bacterial origin. The GH5s include three different subfamilies (10, 53 and 8) 
and they are of both prokaryotic and eukaryotic origin, with the subfamilies 53 and 8 
though being only produced by the bacteria in the gills. Three proteins have a GH10 
module, and they are of mixed origin and present in similar amounts. The two proteins with 
an AA4 or AA7 module are the same that we described in the glands’ proteome, suggesting 
that they come from that organ, despite not being identified in its most highly expressed 
1,000 transcripts.   
The gill proteome only comprises 10 proteins containing a CAZy module, of which just one 
is bacterial in origin (a GH5_8). This result is surprising, since the gills are the organ of 
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residence of the endosymbiotic bacteria, which are thought to produce the bacterial 
lignocellulolytic enzymes that are then found in the caecum. For this reason, we decided to 
include in the table presented here also those proteins that have only one significant 
match, hence adding ten more eukaryotic and seven prokaryotic CAZymes to the list (two 
GH5s, of which one of subfamily 8, one multimodular GH134 annotated as a mannanase, a 
putative xylanase GH10, a GH103, a CE3 and a CE15). Most of the latter are found both in 
the gill transcriptome and caecum proteome, giving a further indication that the bacterial 
lignocellulolytic enzymes are produced by gill bacteria and then delivered to the caecum to 
contribute to the digestion of wood; they probably were not found in our initial analysis 
just because of the difficulty of breaking the bacterial cell walls to release the enzymes that 
can then be detected by shotgun proteomics.  
Thirteen CAZymes belonging to seven different families were identified in the crystalline 
style proteome, whose origin is both bacterial and endogenous. The most abundant CAZy 
families are GH5 and GH9, with four and three proteins respectively. Other families include 
CE3, GH134 (2 proteins), GH1, GH16 and GH35. All the bacterial proteins found in the 
crystalline style contain CBM modules of the family 10 and in some instances of family 2, 
and they all are transcribed in the gills, while the shipworm proteins rarely include CBMs 
and are produced in the digestive glands.  
 
4.5.1 The non-CAZy proteins of the crystalline style  
The CAZymes identified in the crystalline style of L. pedicellatus have been presented in the 
previous paragraph. Since the protein composition of the crystalline style of a shipworm 
has never been studied to date, we analysed the whole proteome of the style beyond the 
CAzymes, and the results are shown in Figure 4.7. The major proteins found in the style of 
eukaryotic origin, with the exceptions of the prokaryotic ones that are found among the 
CAZymes. The most abundant proteins identified are structural ones, mainly mucins 
(22.5%), tubulin (15.0%) and collagen (11.4%). Another relatively abundant (6.8%) group 
identified is that containing proteins annotated as “membrane attack complex/perforin 
domain-containing proteins”. These are proteins named after a domain that is found in 
members of the membrane attack complex (MAC) and in perforin (PF) (Rosado et al., 2007). 
These proteins typically have an antimicrobial function, forming part of the defence system 
in many organisms, including animals, plants, protozoa, fungi and bacteria, known to 
oligomerise on the cell membrane and create a pore that causes cell lysis and therefore 
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death (Peitsch and Tschopp, 1991; Rosado et al., 2008). The styles also contains other 
proteins annotated as “complement component C3” (2.6%) and involved in the the innate 
and adaptive immune response against invading pathogens (Sahu and Lambris, 2001), as 
well as “hemocytin-like proteins” (4.1%), which are thought to be homologues of the 
mammalis von Willebrand factor and therefore also invovled in immunity (Yamakawa and 
Tanaka, 1999). A fructose-1, 6-bisphosphate aldolase constitutes 2.1% of the style, while 
the rest (21.4%) is made up of proteins that are found in small percentages (less than 2%) 
and that cannot be grouped into bigger categories; these are listed in table 4.9. 
 
 
Figure 4.7. The crystalline style protein composition of L. pedicellatus. Pie chart showing the crystalline style 
relative protein abundance (calculated from the emPAI score). MACPF=membrane attack complex/perforin 
(MACPF) domain-containing proteins; aldolase=fructose-1, 6-bisphosphate aldolase, hemocytin=hemocytin-
like protein.  
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Table 4.10. Crystalline style proteomics results.  The table shows the results for the Mascot search of the LC-MS/MS analysis performed on L. pedicellatus crystalline style against 
the transcriptome of gills, digestive glands, caecum and crystalline style sac, excluding the CAZymes. Only proteins with two or more significant matches are included. The table fields 
are the same as in Table 4.6. 
Contig name emPAI score emPAi score % Annotation Species Domain 
DN340064_c0_g4_i1 1.47 6.16 beta-tubulin, partial  Anthopleura elegantissima Eukaryotes 
DN355708_c3_g2_i4 1.27 5.32 collagen alpha-4(VI) chain  Crassostrea gigas Eukaryotes 
DN350151_c5_g1_i1 1.2 5.03 MACPF domain-containing protein 4 Crassostrea gigas Eukaryotes 
c169268_g2_i5 0.89 3.73 mucin-5AC-like Crassostrea gigas Eukaryotes 
DN344200_c2_g1_i4 0.88 3.69 mucin-like Mizuhopecten yessoensis Eukaryotes 
c174353_g2_i2 0.86 3.60 tubulin A, partial  Hyriopsis cumingii Eukaryotes 
DN352516_c1_g8_i6 0.85 3.56 mucin-5AC-like  Crassostrea gigas Eukaryotes 
DN356805_c10_g2_i3 0.82 3.43 mucin-2-like  Crassostrea gigas Eukaryotes 
DN356805_c10_g2_i18 0.78 3.27 mucin-2-like  Crassostrea gigas Eukaryotes 
DN353760_c3_g2_i4 0.74 3.10 hemocytin-like Biomphalaria glabrata Eukaryotes 
DN344200_c4_g92_i1 0.7 2.93 mucin-5AC-like  Crassostrea gigas Eukaryotes 
c180086_g1_i5 0.68 2.85 tubulin beta chain isoform X2  Strongylocentrotus purpuratus Eukaryotes 
c180696_g1_i3 0.61 2.55 complement component C3 Ruditapes decussatus Eukaryotes 
DN357388_c1_g3_i10 0.58 2.43 tubulin alpha-1 chain Melipona quadrifasciata Eukaryotes 
DN358989_c6_g6_i4 0.57 2.39 collagen alpha-1(XII) chain-like Octopus bimaculoides Eukaryotes 
DN359103_c3_g1_i8 0.55 2.30 collagen alpha-4(VI) chain Crassostrea gigas Eukaryotes 
c165516_g1_i1 0.49 2.05 fructose-1, 6-bisphosphate aldolase  Meretrix meretrix Eukaryotes 
c157004_g1_i1 0.47 1.97 uncharacterised Crassostrea gigas Eukaryotes 
DN350151_c5_g1_i5 0.43 1.80 apextrin-MACPF domain-containing protein 4 Saccoglossus kowalevskii Eukaryotes 
DN343231_c6_g1_i5 0.39 1.63 mucin-2-like  Lingula anatina Eukaryotes 
c159122_g1_i1 0.34 1.42 collagen alpha-4(VI) chain Crassostrea gigas Eukaryotes 
c165399_g1_i3 0.29 1.21 atrial natriuretic peptide-converting enzyme-like Tetranychus urticae Eukaryotes 
c178325_g2_i1 0.29 1.21 arginine kinase Pholas orientalis Eukaryotes 
c44602_g1_i1 0.28 1.17 putative perlucin 5  Haliotis discus discus Eukaryotes 
c178787_g7_i1 0.26 1.09 dermatopontin-like Aplysia californica Eukaryotes 
DN344200_c4_g90_i2 0.24 1.01 hemocytin-like  Aplysia californica Eukaryotes 
DN355231_c4_g3_i4 0.23 0.96 glyceraldehyde-3-phosphate dehydrogenase Lottia gigantea Eukaryotes 
DN355708_c4_g4_i1 0.23 0.96 matrilin-2-like  Lingula anatina Eukaryotes 
DN295848_c0_g1_i2 0.22 0.92 oncoprotein-induced transcript 3 protein Crassostrea gigas Eukaryotes 
DN349989_c4_g2_i15 0.21 0.88 sushi, von Willebrand factor type A, EGF and pentraxin domain-containing protein 1-like Aplysia californica Eukaryotes 
DN320266_c1_g5_i2 0.19 0.80 triosephosphate isomerase-like  Crassostrea gigas Eukaryotes 
DN357771_c5_g7_i5 0.19 0.80 actin, non-muscle 6.2  Hydra vulgaris Eukaryotes 
c167054_g1_i1 0.18 0.75 Niemann-Pick C1 protein-like isoform X2  Biomphalaria glabrata Eukaryotes 
c177078_g6_i1 0.17 0.71 transaldolase-like isoform X3  Crassostrea gigas Eukaryotes 
168 
 
c166928_g1_i1 0.15 0.63 beta-Ig-H3/fasciclin Lottia gigantea Eukaryotes 
c180197_g2_i1 0.15 0.63 malate dehydrogenase, cytoplasmic-like Crassostrea gigas Eukaryotes 
c179411_g3_i3 0.14 0.59 aspartate aminotransferase, cytoplasmic Lottia gigantea Eukaryotes 
DN354309_c3_g3_i2 0.14 0.59 tomoregulin-2-like Crassostrea gigas Eukaryotes 
DN342855_c2_g2_i2 0.13 0.54 periostin-like Crassostrea gigas Eukaryotes 
DN335277_c2_g9_i1 0.11 0.46 nerve hemoglobin Spisula solidissima Eukaryotes 
c166397_g1_i1 0.1 0.42 leucine-rich repeats and immunoglobulin-like domains protein 3  Crassostrea gigas Eukaryotes 
c173766_g10_i1 0.1 0.42 leucine-rich repeat and death domain-containing protein 1-like Crassostrea gigas Eukaryotes 
DN352090_c3_g1_i14 0.1 0.42 phosphoenolpyruvate carboxykinase [GTP]-like  Crassostrea gigas Eukaryotes 
DN342595_c1_g6_i3 0.09 0.38 mitochondrial H+ ATPase a subunit  Pinctada fucata Eukaryotes 
DN348602_c1_g3_i1 0.09 0.38 arginine kinase Crassostrea gigas Eukaryotes 
DN348842_c6_g6_i4 0.09 0.38 signal peptide, CUB and EGF-like domain-containing protein 1 isoform X2  Crassostrea gigas Eukaryotes 
c179370_g1_i11 0.07 0.29 von Willebrand factor type egf and pentraxin domain-containing protein 1 Crassostrea gigas Eukaryotes 
DN349615_c7_g4_i3 0.07 0.29 heat shock protein 70  Meretrix meretrix Eukaryotes 
DN339117_c0_g1_i5 0.06 0.25 vascular endothelial growth factor A  Meretrix meretrix Eukaryotes 
DN353238_c3_g2_i1 0.06 0.25 tektin-4-like  Crassostrea gigas Eukaryotes 
DN354219_c2_g4_i8 0.06 0.25 mucin-19-like Aplysia californica Eukaryotes 
DN354229_c2_g5_i2 0.06 0.25 deleted in malignant brain tumors 1 protein-like Branchiostoma floridae Eukaryotes 
DN357645_c6_g5_i1 0.06 0.25 ovochymase-1  Crassostrea gigas Eukaryotes 
c178087_g1_i2 0.05 0.21 elongation factor 2  Crassostrea gigas Eukaryotes 
DN352474_c0_g1_i7 0.05 0.21 regucalcin-like Crassostrea gigas Eukaryotes 
c182101_g1_i2 0.04 0.17 fibrocystin-L-like Crassostrea gigas Eukaryotes 
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4.6 The role of the digestive glands and caecum in immunity  
Xylophagus animals, both vertebrates and invertebrates, normally rely on the presence of 
symbiotic microorganisms (bacteria, archaea, fungi and protozoa) that reside in their 
digestive system for the degradation of wood (Xie et al., 2014). As described in section 
1.3.3, shipworms are different because their symbiotic CAZymes-producing bacteria are 
instead resident in the gills, while the caecum has been found to be almost devoid of 
bacteria (Betcher et al., 2012). Well-developed and morphologically varied bacterial 
population have instead been described in the intestine, which are different from those 
found in the gills (Betcher et al., 2012), and are not thought to be important in wood 
degradation. The mechanism by which the caecum is kept almost bacteria-free is at present 
unknown. Bivalve immune systems are relatively well-known because of their importance 
in the human food industry and the fact that by being filter feeders they sieve and 
accumulate in their tissues pathogenic microorganisms that are found in sea water 
(Zannella et al., 2017). Shipworms normally alternate suspension feeding with wood boring 
- when they are provided with suspended phytoplankton – therefore they have to face the 
same immunological challenge; this is further complicated by the presence of 
endosymbiotic bacteria in the gills, which have to be kept under control and distant from 
the caecum, while still being able to deliver the CAZymes they produce. The major immune 
response in marine bivalve is phagocytosis performed by haemocytes, but they also possess 
a wide range of humoral (extracellular) tools to fight microbes which include apoptosis, 
chemotaxis, lectins, galectins, complement-like molecules, β 1,3-glucan-binding proteins, 
lipopolysaccharides, antimicrobial peptides, fibrinogen-related proteins, lysozymes, 
cathepsins, peptoglycan-recognition proteins, thioester bearing proteins, bactericidal 
permeability increasing proteins, leucine-rich repeat domains, ferroxidases and 
phenoloxidases (Bachere et al., 1995; Song et al., 2010; Vasta, 2012; Allam and Raftos, 
2015; Zannella et al., 2017; Wang et al., 2018).  
In order to find out which tissues transcribe proteins involved in immunity, and in which 
organs these proteins are consequently found, we examined the most highly expressed 
1,000 transcripts of the four organs of L. pedicellatus, as well as proteome of the organs, 
including only proteins with more than one significant match. The search resulted in 32 
different transcripts, which are listed in Table 4.11, where their protein abundance in the 
various organs is also shown. The most abundant transcripts are those annotated as 
complement component C1 or C3, as well as lectins and the closely related galectins-like 
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proteins. Proteins forming pores on the cell membrane of pathogens (MACPF) have four 
transcripts, as well as hemicentin-like proteins, and three were found annotated as 
macrophage receptors. Beta-1,3-glucan-binding proteins, lysosymes, apoptosis inducing 
factors and hemocytin-like proteins are found only in one or two transcripts. The caecum 
seems to be the organ where the highest number of proteins transcribed by these genes is 
found, as well as the highest protein amount, followed by the digestive glands. The gills 
contain only few proteins possibly involved in immunity, mainly galectins, a lysozyme, an 
apoptosis inducing factor and a member of the complement component. The crystalline 
style contains only three proteins involved in immunity: a MACPF protein, a hemocytin-like 
protein and the complement component C3. 
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Table 4.11. Transcripts annotated as putative proteins involved in immunity identified in the transcriptome of L. pedicellatus digestive glands, caecum, gills and crystalline style sac. 
The table lists the number (#) and name of the transcript (contig name), its length (seq length), the annotation (annotation) with its e-value (annot e-value) and species (species) 
obtained by blasting against the NCBI non-redundant database, whether the transcript is of eukaryotic or prokaryotic origin (origin), as well as the protein abundance calculated as 
emPAI score (emPAI score) obtained from shotgun proteomics performed on the four organs. 
 
# 
Contig  
name 
Contig 
length 
Annotation 
Annot  
e-value 
Species Domain 
Gland  
emPAI 
Caecum  
emPAI 
Gills  
emPAI 
Style  
emPAI 
1 c179848_g1_i1 1802 apoptosis-inducing factor 3 isoform X2  4.92E-174 Crassostrea gigas Eukaryotes 0.09 0.66 0.11 0.00 
2 c176988_g3_i1 5148 beta-1,3-glucan-binding protein  6.14E-60 Crassostrea gigas Eukaryotes 0.00 0.00 0.00 0.00 
3 c178292_g2_i1 1732 beta-1,3-glucan-binding protein  1.86E-16 Crassostrea virginica Eukaryotes 0.00 0.00 0.00 0.00 
4 c151810_g1_i1 840 complement C1q tumor necrosis factor-related  9.00E-07 Larimichthys crocea Eukaryotes 0.1 0.38 0.00 0.00 
5 c141058_g1_i1 703 complement C1q tumor necrosis factor-related  6.25E-54 Crassostrea gigas Eukaryotes 0.00 0.29 0.00 0.00 
6 c165349_g1_i4 678 complement C1q tumor necrosis factor-related  3.82E-24 Mizuhopecten yessoensis Eukaryotes 0.00 0.00 0.00 0.00 
7 c158018_g1_i1 902 complement C1Q-like protein  8.07E-17 Hyriopsis cumingii Eukaryotes 0.00 0.11 0.00 0.00 
8 c161031_g1_i1 845 complement C1q-like protein 3  3.48E-12 Crassostrea virginica Eukaryotes 0.00 0.12 0.00 0.00 
9 c165402_g1_i1 537 complement C1q-like protein 4  1.58E-06 Crassostrea virginica Eukaryotes 0.00 0.66 0.00 0.00 
10 c164050_g1_i1 716 complement C1q-like protein 4 isoform X1  7.06E-67 Crassostrea gigas Eukaryotes 0.12 0.14 0.00 0.00 
11 c156799_g1_i1 763 complement C1q-like protein 4  4.00E-07 Mizuhopecten yessoensis Eukaryotes 0.00 0.00 0.00 0.00 
12 c164314_g1_i1 687 complement C1q-like protein 4, partial  8.00E-06 Biomphalaria glabrata Eukaryotes 0.00 0.14 0.00 0.00 
13 c180696_g1_i3 5337 complement component C3  4.00E-144 Ruditapes decussatus Eukaryotes 0.03 0.00 0.11 0.67 
14 c179022_g4_i4 668 C-type lectin  1.49E-19 Littorina littorea Eukaryotes 0.00 0.00 0.00 0.00 
15 c181228_g2_i1 488 C-type lectin  3.56E-30 Meretrix meretrix Eukaryotes 0.00 0.68 0.00 0.00 
16 c164426_g1_i2 634 C-type lectin  1.36E-30 Meretrix meretrix Eukaryotes 0.00 0.00 0.00 0.00 
17 c156875_g1_i1 841 C-type lectin 2  3.6 Anguilla japonica Eukaryotes 0.00 0.00 0.00 0.00 
18 c164057_g1_i1 1350 galectin  1.00E-19 Hyriopsis cumingii Eukaryotes 0.43 0.39 0.07 0.00 
19 c178415_g3_i2 1386 galectin  2.00E-83 Hyriopsis cumingii Eukaryotes 0.19 0.14 0.07 0.00 
20 c162467_g1_i2 1284 lysozyme  4.02E-60 Ruditapes philippinarum Eukaryotes 0.28 0.00 0.23 0.00 
21 DN350151_c5_g1_i6 3190 MACPF domain-containing protein 4  4.05E-140 Mytilus galloprovincialis Eukaryotes 0.34 1.18 0.00 0.00 
22 DN350151_c5_g1_i3 2581 MACPF domain-containing protein 4  6.42E-112 Mytilus galloprovincialis Eukaryotes 0.33 1.42 0.00 0.00 
23 DN350151_c5_g1_i1 2839 MACPF domain-containing protein 4  2.64E-141 Mytilus galloprovincialis Eukaryotes 0.00 0.00 0.00 1.2 
24 DN350151_c5_g1_i4 3078 MACPF domain-containing protein 4  2.06E-110 Mytilus galloprovincialis Eukaryotes 0.00 0.00 0.00 0.00 
25 DN344200_c4_g90_i2 1144 hemocytin-like  1.58E-60 Aplysia californica Eukaryotes 0.00 0.00 0.00 0.24 
26 c174145_g1_i10 581 hemicentin-1-like  0.016 Crassostrea virginica Eukaryotes 0.00 0.36 0.00 0.00 
27 c177653_g3_i1 691 hemicentin-1-like  1.29E-22 Crassostrea virginica Eukaryotes 0.00 0.15 0.00 0.00 
28 c178872_g1_i4 710 hemicentin-2-like  7.10E-27 Mizuhopecten yessoensis Eukaryotes 0.00 0.00 0.00 0.00 
29 c174180_g1_i1 449 hemicentin-2-like  4.00E-11 Mizuhopecten yessoensis Eukaryotes 0.00 0.22 0.00 0.00 
30 c176985_g2_i1 552 macrophage mannose receptor 1  6.86E-29 Saccoglossus kowalevskii Eukaryotes 0.15 0.00 0.00 0.00 
31 c181960_g2_i4 4875 macrophage mannose receptor 1 isoform X4  0 Crassostrea gigas Eukaryotes 0.03 0.00 0.00 0.00 
32 c176985_g3_i1 2051 macrophage mannose receptor 1-like  1.71E-65 Pundamilia nyererei Eukaryotes 0.00 0.00 0.00 0.00 
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Figure 4.8. Expression levels of the putative protein involved in immunity identified in the transcriptome of L. pedicellatus. The graph shows the transcript abundance of the thirty-
two contigs annotated as putative immunity proteins (listed in table 4.6) found in the best 1,000 transcripts of the digestive gland, caecum, gills and crystalline style. The number 
before the contig name on the X axis corresponds to the number on the first column of Table 4.6. 
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The expression levels of the transcripts listed in Table 4.6 are shown in Figure 4.8, which 
shows that the digestive glands are the main organs involved in the transcription of 
proteins related to immunity, with some important contributions from the caecum and 
minor ones from the crystalline style. The most expressed transcripts are those of the 
complement component, which are mostly expressed by the digestive glands, but also by 
the caecum.  Beta-1,3-glucan-binding proteins also appear among the top four expressed 
contigs, and are transcribed by digestive glands, caecum and gills, though the former 
produce more transcripts than the other organs. Among the most expressed ten genes, the 
apoptosis inducing factor is produced mainly by the caecum, as well as galectin. The four 
contigs expressing for the MACPF proteins are transcribed exclusively by the crystalline 
style sac, which also expresses for the protein annotated as hemocytin-like and for a 
member of the complement component.  
 
4.7 Discussion 
A detailed analysis of the transcriptome and proteome of four shipworm tissues have been 
performed: the gills where the endosymbiotic bacteria reside, the digestive glands, where 
most of the endogenous CAZymes are thought to be produced, the caecum, which is the 
main site of wood digestion, and the crystalline style, which facilitates wood digestion. Our 
studies show that the caecum contains a cocktail of eukaryotic and prokaryotic CAZymes, 
but that few of these are transcribed in the caecum tissues. Indeed, the majority of the 
CAZymes in the caecum appear to be transcribed in the gills by the bacteria, or in the 
digestive gland by the shipworm. The crystalline style contains a large amount of CAZymes, 
but most of these originate in the gills and digestive gland, similarly to the caecum. Our 
results indicate a complex digestive system in which digestive proteins are transported over 
considerable distances to their site of action. 
 
The bacteria in the gland of Deshayes (gills) transcribe lignocellulolytic enzymes, which later 
become part of the wood-degrading CAZyme cocktail found in the caecum fluids, as has 
already been described in previous papers (Waterbury et al., 1983; Distel, 2003). Our 
transcriptomic data however show that the bacteria do not just produce enzymes of the 
same families transcribed by the shipworm; on the contrary it looks like that there is a 
degree of role separation, where the bacteria specialise in certain classes and the shipworm 
in others. Indeed, CAZymes of the family GH6 (cellobiohydrolases) are only produced by 
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the bacteria, which also take care almost entirely of the GH5s. This family includes different 
subfamilies, with GH5_53 (cellodextrinases), GH5_8 (endo-β-1,4-mannosidases), GH5_2 
(endo-β-1,4-glucanases) and other non-specified subfamilies of GH5s found in many 
transcripts produced by the bacteria in the gills, while none in the digestive gland or 
caecum. Only two eukaryotic GH5_10s (endo-β-1,4-mannanases) and one unspecified GH5 
are found in the proteome of the digestive glands, caecum or crystalline style, but their 
transcripts are not detectable even in the most highly expressed 10,000 transcripts of the 
glands, caecum or crystalline style sac. GH11s (endoxylanases) are also exclusively 
transcribed by the bacteria in the gills, and then found in the caecum; GH10s (also 
endoxylanases) are also prokaryotic, with one exceptions of a eukaryotic transcript in the 
digestive glands transcriptome and a protein encoded by a different transcript found in the 
proteome of the caecum. Furthermore, all the transcripts encoding for LPMOs of the family 
AA10, and consequently all the AA10s found in the caecum and gills proteomics, are 
entirely produced by the endosymbiotic bacteria. Finally, among the CE enzymes, which 
are overall not expressed in high amounts in the shipworm’s digestive organs, CE15s are 
exclusively transcribed by the bacteria in the gills and then found in the caecum, while the 
other classes (CE1, CE3, CE10 and CE12) are almost entirely produced by the shipworm in 
both the digestive glands and caecum. 
The shipworm instead seems to be taking care of producing all the GH1s and GH9s, which 
are annotated as endoglucanases or β-glucosidases, as well as all the GH2s (β-glucosidases, 
β-mannosidases and β-glucuronidases) and GH30s (endo-1,6-beta-D-glucanases) and 
almost all the GH45s (endoglucanases), with just the exception of one bacterial GH45 
protein found in the caecum proteomics. Most of these transcripts are found in the 
digestive glands; however, the caecum also produces a certain number of GHs, which are 
mainly GH30s and GH1s, with some CE3s, GH13s, GH84s and GH18s. This result is in 
contrast with the findings of Shipway (2013), who suggested that the caecum is not a site 
of GH transcription and only plays a limited role in the production of wood-degrading 
enzymes. However, it is true that the range and amount of GHs produced in the caecum is 
limited compared to the digestive glands, and that only some GHs are related to wood 
degradation, such as GH1, GH30 and CE3; GH13s (amylases) instead could have a role in 
the degradation of phytoplankton and GH18s and GH84s (chitinases and N-acetyl β-
glucosaminidase) in the defence against fungal pathogens (Kawabata et al., 1996; Ekenler 
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and Tabatabai, 2004; Dahiya et al., 2006), helping to keep the caecum free of pathogens 
and competitors for the sugars.  
 
The transcriptomics results confirmed the role of the caecum in the digestion and 
absorption of wood, which was already suggested by the images obtained by TEM and the 
enzymatic assays presented in chapter 3. Indeed, the analysis of the transcripts involved in 
glucose transport have shown how these are highly transcribed in the caecum, compared 
to the digestive glands and the gills. This indicates that the sugar resulting from the 
degradation of the wood is taken up by the caecum tissues and used for metabolism. 
Finally, the transcriptomics show that the caecum is also involved in the production of some 
proteins involved in immunity, mainly those of the complement component and galectins, 
but also apoptosis inducing factor, β-1,3-glucan binding proteins and hemycentin-like 
proteins. Most of the other immunity related proteins are transcribed in the digestive 
glands and found in the caecum proteome, where they probably work in synergy with the 
ones produced by the caecum. This new finding is important because it indicates the 
mechanisms by which the shipworm manages to keep its endosymbiont population under 
control and its caecum almost completely bacteria-free (Betcher et al., 2012). 
 
When compared to other lignocellulose-eating animals, the organisation of the digestive 
system of the shipworms appears unique. Indeed, while it was once thought that only the 
symbiosis with cellulolytic microorganisms allowed animals to digest grass or wood, it is 
now well known that many invertebrates are able to produce endogenous cellulases, first 
discovered in plant-parasitic nematodes (Smant et al., 1998) and termites (Watanabe, 
1998), and later in molluscs (Sakamoto et al., 2007; Tsuji et al., 2013), in a total of 27 species 
of insects belonging to six different orders (Watanabe and Tokuda, 2010) and in 
crustaceans (King et al., 2010; Milatovič and Štrus, 2010; Bui and Lee, 2015). However, the 
range of endogenous lignocellulose degrading enzymes so far discovered in these animals 
is limited, presenting mainly cellulase genes from the GH family 5, 9 and 45 (Cragg et al., 
2015). Glycoside hydrolases from family 7, which are cellobiohydrolases, are also known in 
filamentous fungi (Payne et al., 2015), amoebas (Eichinger et al., 2005) and marine isopods 
(King et al., 2010), and GH10 (xylanases) in a freshwater bivalve (Sakamoto and Toyohara, 
2009). The wood borer crustacean Limnoria quadripunctata instead revealed to possess a 
diverse range of CAZymes in its digestive transcriptome, which comprises GH7, GH9, GH5, 
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GH35, GH30 and others in minor amounts (GH2, GH13, GH16, GH18, GH20, GH31, and 
GH38) (King et al., 2010). The shipworm’s range of endogenous CAZymes appears even 
broader, including also GHs from the families 2, 71 and 84, some of which are found in high 
abundance in both the transcriptome and proteome of L. pedicellatus. This remarkable 
amount of endogenously produced CAZymes is reflected on the lower contribution to 
lignocellulose digestion performed by the endosymbionts, which are responsible for only 
18.2% percent of the CAZymes found in the caecum proteome. However, as explained 
above, the symbiotic bacteria are mainly focused on the production of specific types of 
CAZymes, and for this reason are probably indispensable for a complete and efficient 
digestion of the lignocellulosic biomass. In particular, their contribution seems important 
when considering the oxidative breakdown on cellulose, which is performed by LPMO-type 
enzymes. Indeed, no endogenous LPMOs related to wood-degradation have been 
identified in the transcriptome or proteome of L. pedicellatus, while the only LPMOs found 
in the caecum are AA10s encoded by the symbionts. This is not the case for the hexapod 
Thermobia domestica, which has recently been discovered to produce endogenous LPMOs 
from the family AA15 (Sabbadin et al., 2018a). 
 
Lacking from the repertoire of wood-degrading enzymes in the digestive system of L. 
pedicellatus are enzymes for the deconstruction or modification of lignin. Indeed, as seen 
in the introduction (section 1.1.4), lignocellulosic material is composed by cellulose 
microfibrils and hemicellulose, coated and bound by the polyphenolic stress resistant 
lignin. Full access to the sugars contained in the cellulose and hemicellulose fractions is 
dependent on the removal or modification of lignin, otherwise part of the glucose remains 
inaccessible. As already discussed in section 1.2, bacteria and white-rot fungi possess 
ligninolytic enzymes such as peroxidases, laccases and superoxide dismutases (Bugg et al., 
2011; Pollegioni et al., 2015), while brown-rot fungi use Fenton chemistry for lignin 
modification (Arantes and Goodell, 2014; Zhang et al., 2016). Among terrestrial and marine 
wood-eating animals, so far only the marine wood borer Limnoria seems to be able to 
modify lignin to access the abundant glucose (Besser et al., 2018). In the shipworms’ 
digestive system, only one CAZyme classed as a laccase (family AA1_3) was identified in the 
digestive gland proteome, though it was in very low quantities and it was not found in the 
caecum fluids proteome or in the best 1,000 transcripts of any of the organs studied, 
suggesting that it might not be related to wood-degradation.  
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The analysis of the proteomics results of the four organs highlighted a good overall 
correspondence between the level of transcriptions of the CAZymes in the gills or in the 
digestive glands and the abundance of the relative proteins in the caecum fluids. Indeed, 
highly transcribed proteins like GH1s, GH9s, GH2s and GH5s are found in high amounts in 
the caecum. However, some CAZymes of the caecum seem to be very abundant while they 
are poorly transcribed in the gills or digestive glands, like the bacterial GH134s and 
eukaryotic GH35s and GH45s. Similarly, certain highly expressed transcripts (e.g. the 
bacterial AA10s and GH6s) are only found in small quantities in the caecum. These findings 
suggest that the level of translation efficiency could be poor for certain proteins, or indicate 
the presence of post-transcriptional and post-translational modifications (de Sousa Abreu 
et al., 2009); protein stability and proteolysis may be important factors, particularly given 
the presence in the caecum of abundant proteases, as highlighted by the proteomics 
analysis (data not shown). Furthermore, the results indicate the presence of variability in 
the proteins produced by the bacteria in the gills, with similar but non-identical proteins 
identified in different shipworms specimens, possibly due to the presence of different 
strains of bacteria; this resulted in a more challenging matching of peptides during the 
shotgun proteomics procedure, possibly leading to the lack of identification of certain 
proteins. Finally, measurement errors, as well instruments sensitivity thresholds could have 
also contributed to the lack of correlation between certain proteins and their mRNA 
concentrations (Szallasi, 1999; Baldi and Long, 2001; Greenbaum et al., 2003; de Sousa 
Abreu et al., 2009). In L. quadripunctata, the GHs were found to make up only a small 
portion (1.74%) of the gut proteome, the organ where wood digestion takes place (Eborall, 
2013). The classes that dominate the proteome are GH9, GH30 and GH35, but GH5, GH7 
and GH16 were also identified. The shipworms’ caecum proteome includes similar 
CAZymes classes but lacks any GH7 (cellobiohydrolases), which are possibly substituted by 
the symbiont-encoded GH6; GH1 GH2, GH134, GH13 and GH10 are also abundant CAZymes 
found in the shipworm proteome but not in Limnoria.  
 
The analysis of the crystalline style proteome and the style sac transcriptome has provided 
us with first ever data on the crystalline style protein composition and origin for a bivalve 
mollusc, let alone a shipworm. The style is composed mainly of structural proteins that 
make up its scaffold and consistency, such as mucin, tubulin and collagen. According to the 
transcriptomics and microscopic results, these proteins are produced and secreted by the 
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secretory cells found in the tissues of the crystalline style sac, and then integrated in the 
forming style by the action of the cilia that line the sac. The style’s carbohydrate degrading 
abilities are a result of the presence of CAZy proteins of the families GH5_8, GH5_53, 
GH5_10, GH9, GH1, GH134, GH16, GH35 and CE3. These CAZymes contribute to the overall 
lignocellulose degradation by performing extracellular digestion of the ingested wood 
before it reaches the caecum. The most surprising results involve the origin of the styles’ 
CAZymes. Indeed, the style sac best 1,000 transcripts included only two wood-degrading 
enzymes, both of which of bacterial origin and that can therefore be attributed to 
contamination. The CAZymes found in the style proteomics are both prokaryotic and 
eukaryotic, the former produced by the endosymbiotic bacteria in the gills and the latter 
by the shipworm in the digestive glands, even though most of them are not highly 
expressed. While the presence in the crystalline style of an endogenous cellulase has been 
reported before for the freshwater bivalve Corbicula japonica (Sakamoto et al., 2008), the 
amount and range of endogenous CAZymes found in the style of L. pedicellatus is 
unexpected and fascinating, suggesting that the crystalline style has a bigger than expected 
role in wood degradation in this - and possibly other - shipworm species.  The presence of 
bacterial CAZymes in the style’s proteins is also a new finding, which emphasises the level 
of cooperation between symbiont and host in the process of wood degradation.  
The analysis of the non-CAZy proteins of the crystalline style has also produced new 
findings. Indeed the most abundant protein groups after structural proteins are those 
annotated as MACPF-proteins, hemocytin-like proteins and members of the complement 
component, all of which are involved in immunity (Peitsch and Tschopp, 1991; Yamakawa 
and Tanaka, 1999; Rosado et al., 2008). Furthermore, the MACPF domain found in L. 
pedicellatus is C-terminally fused to an apextrin domain (ApeC), which has been shown to 
allow bacterial recognition and inactivation in other animals including marine bivalves 
(Gerdol and Venier, 2015) by its ability to bind to bacterial muramyl dipeptide (Huang et 
al., 2014). In contrast, no lysozyme proteins have been recorded in the shipworm’s style 
proteins, which are normally present in other bivalves and gastropods, where they are 
involved in the inactivation of bacteria for both protection and nutrition purposes (Nilsen 
et al., 1999; Olsen et al., 2003; Xue et al., 2007; Takahashi and Itoh, 2011). In light of these 
findings, and the presence in the style of bacterial enzymes described above, we suggest 
that the crystalline style of L. pedicellatus could be involved in the degradation of the 
bacteriocytes that travel from the gills to the digestive system via the food groove. When 
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they bacteriocytes reach the mouth, they could be mixed with the food particles and reach 
the stomach, where they would be subject to mechanical disruption by the action of the 
style apex grinding on the gastric shield. The breaking up of the bacteriocytes could free 
single bacteria, which could then be attacked by the immunity-related proteins found in 
the crystalline style, in particular those that can recognise gram-negative bacteria, such as 
MACPF-containing proteins and those of the complement component. This mechanism, 
though not so far confirmed by unequivocal experimental evidence, could however explain 
how the bacteriocytes are degraded and how the CAZymes produced by the bacteria are 
released from the eukaryotic cells and later found as important components of the 
crystalline style and caecum fluids.  
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Chapter 5: Heterologous expression and characterisation of endogenous and 
bacterial lignocellulolytic enzymes from Lyrodus pedicellatus 
 
5.1 Introduction 
 
Chapter four presented the analysis of the transcriptome and proteome of the main 
digestive organs of L. pedicellatus. Examination of the resulting dataset led to the 
identification of putative enzymes responsible for the degradation of lignocellulose, as well 
as the tissues where these enzymes are produced and the organs where wood degradation 
mainly takes places. This investigation produced an unprecedented insight into the 
digestion of wood in shipworms. Nevertheless, the work performed so far would not be 
complete without the accomplishment of a further step necessary for a better knowledge 
of the CAZymes identified in the shipworm’s organs. In order to perform the analysis 
presented in chapter four, the nucleotide sequences obtained from the RNA sequencing of 
the digestive organs were translated into open reading frames (ORFs) and annotated using 
bioinformatics tools. This allowed us to assign a function to the transcripts identified in the 
gills, digestive glands, caecum and crystalline style, and subsequently to the proteins found 
in the proteome of the same organs. This transcriptomic and proteomic approach allows 
relatively rapid and inexpensive insight into the digestive process, when compared to the 
alternative of determining gene and protein function by the expensive and time consuming 
experimental route (e.g. through functional assays, microarray analysis, RNA interference, 
etc.) (Gabaldón and Huynen, 2004; Jiang et al., 2016). However, despite its undeniable 
value, the process holds some downsides, which have effects on the reliability of the 
annotation. Indeed, the methods used for protein function prediction are based mainly on 
sequence homology and protein domain identification, as well as evolutionary data, 
phenotypic profiles, protein-protein interaction and gene expression profiles. Although this 
is a powerful approach, the actual function of specific proteins needs to be experimentally 
verified, as these predictions are not completely accurate, particularly as in some cases 
sequence similarity can be low and minor differences in sequence can lead to significant 
difference in enzyme function (Bork and Bairoch, 1996; Doerks et al., 1998; Rost et al., 
2003; Whisstock and Lesk, 2003; Manzoni et al., 2016). It has been estimated that around 
40-60% of sequences can be assigned to some aspect of function, but this can be not 
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inaccurate; there is also a considerable percentage of proteins that still remains 
uncharacterised (Andrade et al., 1999). Furthermore, the protein function term is quite a 
broad one, since function can be assessed at different levels (such as biochemical, cellular, 
developmental, etc.) and proteins can have overlapping roles in more than one process or 
pathway (Rost et al., 2003).  
In light of this, there is a need to validate the annotation of the proteins identified in the 
shipworm’s transcriptome and proteome. Since obtaining and testing high amounts of 
native proteins from an animal involves technical and ethical challenges, an alternative 
approach is the expression of the proteins in a host organism by the use of recombinant 
DNA technology, followed by purification and activity testing. This technique is called 
“heterologous protein expression” and is nowadays widely applied in many fields of 
science. Host organisms for protein production vary from single cells systems such as 
bacteria and yeast, to filamentous fungi and plants or cell cultures of more complex animals 
such as insects and mammals (Gomes et al., 2016). The choice of the right expression 
system depends on the characteristic of the protein to be expressed (e.g. molecular weight, 
codon bias, presence of disulphide bridges or post-translational modifications, 
productivity) (Gustafsson et al., 2004; Wurm, 2004; Gomes et al., 2016), but generally a 
stepwise approach is preferable, with attempts first made in the easiest systems such as 
Escherichia coli (Gräslund et al., 2008). In the case of lignocellulolytic enzymes, such as 
those identified in L. pedicellatus, there are many technical challenges to be considered, 
such as low protein production levels, poor secretion ability, decreased specific activity, 
glycosylation and high costs (Lambertz et al., 2014). Furthermore, the marine environment 
from which these enzymes come from adds another complication related to the presence 
of multiple disulphide bridges (Hatahet et al., 2014), which makes heterologous protein 
expression more challenging. Despite these technical challenges, heterologous protein 
expression was attempted for some of the most expressed or interesting L. pedicellatus 
lignocellulolytic enzymes, choosing the expression system predicted to be appropriate for 
the various targets.  
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5.2 Aims of the chapter 
 
This chapter aims at testing the activity of some of the proteins identified in the proteome 
and/or transcriptome of L. pedicellatus digestive organs. This will be obtained by 
performing the following steps: 
 selection of the targets from the transcriptomic and proteomic results presented in 
chapter four, on the base of protein abundance or transcript interest in the context 
of lignocellulose degradation; 
 determination of the proteins’ amino acid sequence and domain structure and of 
the main biochemical parameters that could affect protein expression and 
purification, such as molecular weight, theoretical pI, codon usage and presence of 
disulphide bridges. This will be performed using bioinformatics tools; 
 utilisation of recombinant DNA techniques for the cloning of the gene sequence into 
an appropriate expression vector, transformation into competent cells and 
selection of the transfected cells; 
 overexpression of the protein in the selected host and purification; 
 thermal shift assay to determine the folding state of the protein; 
 activity assays to determine whether the protein has the predicted activity (e.g. 
lignocellulose degradation or antibacterial activity). In the case of CAZymes or other 
lignocellulose degrading enzymes, different carbohydrate substrates will be tested 
to determine the enzyme’s preference, as well as different environmental 
conditions such as pH, temperature and salinity. 
 
5.3 Target enzymes selection and cloning 
 
Due to time and budget constraints, only a limited number of targets were selected for 
cloning, expression and characterisation among the shipworm’s transcriptome and 
proteome. The selection was performed on the basis of predicted CAZyme abundance in 
the caecum or crystalline style (the former because of its role in lignocellulose digestion, 
the latter because of its novel and unusual function related to wood degradation), or 
because the protein or transcript had an interesting annotation and included a signal 
peptide, hence it was a secreted protein and was not likely to have a function related to 
cellular metabolism. This was the case for some transcripts that were selected because 
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their annotation suggested they could be involved in lignocellulose degradation despite not 
being annotated as CAZymes, or that they could have antibacterial activity and therefore a 
role in controlling the proliferation of bacteria in the caecum or in the release of bacterial 
enzymes from bacterial cells transported from the gills via the food groove. Thirty targets 
were initially selected, but some were later abandoned due to new proteomic or 
transcriptomic results that gave different abundance estimates or annotations, or because 
of technical difficulties in the cloning of the transcripts. Cloning of some bacterial 
sequences was challenging, since their contigs were not full length and 3’ and/or 5’ RACE 
PCR approaches were needed to obtain the missing part of the sequence. Table 5.1 shows 
the remaining 18 sequences that were successfully amplified and for which heterologous 
expression was attempted in one or more host organisms. Six of them are shipworm 
proteins, five of which were annotated as highly similar to proteins from marine or 
freshwater bivalve molluscs. One target, annotated as “hephaestin-like”, showed highest 
similarity to proteins from bird species, but was selected as it has a series of laccase-like 
domains and might be involved in lignin degradation. The other 12 proteins originate from 
the endosymbiotic bacteria, and most of them have annotations highly similar to marine 
gram-negative proteobacteria able to degrade complex carbohydrates such as cellulose, 
alginate and chitin.  
Table 5.2 illustrates the details of the various expression attempts in different heterologous 
hosts. Some sequences were codon optimised for expression in E.coli, while the non-
optimised sequences were used for expression in the other systems. The host organisms 
included E.coli (both for expression in the cell’s cytoplasm and periplasm), the yeasts Pichia 
pastoris and Saccharomyces cerevisiae, insect cells from Spodoptera frugiperda and human 
embryonic kidney (HEK) cells. Different strains and vectors were used, depending on the 
expression hosts. The main purification tags used were strep and his, while other tags were 
used to improve protein solubility (Halo, GST, MBP, SUMO, TF, TRX and FLAG, table 5.3). In 
vitro translation was also attempted for four sequences, with no success. Among the 18 
cloned targets, 12 were successfully expressed to produce recombinant proteins, but 
purification was not achieved for three proteins, and two more turned out to be incorrectly 
folded (as assessed by thermal shift analysis) and hence not active. A total of seven 
heterologously expressed active proteins were therefore obtained, of which five were of 
bacterial and two of animal origin. The next sections of this chapter will describe the results 
of the cloning, expression and characterisation of the five bacterial CAZymes.  
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Table 5.1. The targets of heterologous recombinant protein expression. The table shows the prokaryotic and eukaryotic proteins that were successfully amplified from the 
shipworm or symbionts cDNA and for which heterologous expression was attempted in various host organisms. Annotation was done against the NCBI non-redundant 
database. CAZy domains were searched using dbCAN. The table lists the name of the transcript from which the protein was cloned (contig name), whether the protein is 
eukaryotic (euk) or prokaryotic (prok) (domain), whether it has a signal peptide (signal peptide), its annotation, species and e-value and the CAZy modules identified in the 
protein sequence (CAZy domains). 
Contig name Domain Signal 
peptide 
Annotation Species E-value CAZy domains 
c174818_g2_i2 eukaryotes yes thioester-containing protein  
 
Azumapecten farreri 
 
0.0 none 
c169024_g2_i2 eukaryotes yes mannan endo-1,4-β-mannosidase  
 
Mizuhopecten yessoensis 
 
8E-129 GH5_10 
c178377_g1_i1 eukaryotes yes hephaestin-like protein 
 
Egretta garzetta 
 
0.0 none 
c176563_g3_i3 eukaryotes yes cellulase Corbicula japonica 
 
2.2E-74 GH9 
c176623_g3_i4 eukaryotes yes DBH-like monooxygenase protein 1  
 
Mizuhopecten yessoensis 
 
6E-146 none 
c164680_g1_i4 eukaryotes yes MACPF domain-containing protein 4  
 
Mytilus galloprovincialis 
 
3E-112 none 
c176007_g2_i1 prokaryotes yes cellobiohydrolase Microbulbifer thermotolerans 
 
1.4E-41 GH6 
c177001_g3_i1 prokaryotes yes beta-mannosidase 
 
Teredinibacter sp.1162T.S.Oa.05 
 
6.4E-16 GH5_8+CBM10 
c173140_g2_i3 prokaryotes yes hypothetical protein  
 
Alteromonadaceae bacterium Bs12 
 
1E-171 GH10 
c169869_g1_i2 prokaryotes yes 1,4-beta-xylanase 
 
Micromonospora rifamycinica 
 
2E-83 GH11+CBM10+CBM5 
c122374_g1_i1 prokaryotes yes plant cell wall polysaccharide active protein 
 
Alteromonadaceae bacterium Bs12 
 
2E-127 GH134+ CBM10+CBM10+CBM10 
c180176_g1_i1 prokaryotes yes plant cell wall polysaccharide active protein  Alteromonadaceae bacterium Bs12 7E-104 GH134+ CBM10+CBM10+CBM10 
c173837_g2_i2 prokaryotes yes auxilliary activity family 10 domain-containing protein Alteromonadaceae bacterium Bs12 6E-92 AA10+CBM10 
c169443_g1_i1 prokaryotes yes glucose dehydrogenase Brevundimonas subvibrioides 
 
4E-114 none 
c251108_g1_i1 prokaryotes yes glycoside hydrolase family 5 domain protein Teredinibacter turnerae T7901 
 
0.0 GH5_4+CBM10+CBM5 
c91252_g1_i1 prokaryotes yes acetylxylan esterase / xylanase  
 
Teredinibacter turnerae 
 
0.0 GH10+CE6+CBM10+CBM5+CBM60 
c9656_g1_i1 prokaryotes yes endo-1,4-beta-xylanase  
 
Teredinibacter turnerae 
 
0.0 GH11+CE4+CBM10+CBM60 
c167805_g1_i5 prokaryotes yes glycoside hydrolase family 5 
 
Teredinibacter turnerae 
 
0.0 GH5_53+GH11+CBM5+CBM10 
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Table 5.2. The expression attempts for the target prokaryotic and eukaryotic proteins. The table lists the name of the transcript from which the protein was cloned (contig 
name), whether the protein sequence was codon optimised for E. coli (cod. opt.=codon optimisation), the different host organisms used for the heterologous expression 
(host) and the strain used (strain), the vectors used for cloning (vector), the purification or solubility tags added to the sequence (tag), whether the protein was successfully 
expressed and purified (expr/purif) and if it was properly folded, therefore an active protein (activity), which was assessed by a thermal shift assay (see section 2.7.3 for 
information on materials and methods).   
Contig name Cod.  
opt. 
Host Strain Vector Tag  Expr/ 
purif 
Act. 
c174818_g2_i2 no E.coli (cytoplasmic), P. 
pastoris, mammalian cells 
Origami 2(DE3), CF034 10a, 
HEK 293T 
pET52b(+), pPICZB, pOPING, pOPING3Flag, 
pOPINGG2Strep,  
strep, his  no n/a 
c169024_g2_i2 yes In vitro, E.coli (cytoplasmic 
and periplasmic), P. pastoris, 
mammalian cells 
Origami 2(DE3), Rosetta 
2(DE3), Lemo21(DE3), 
BL21(DE3), CF034 10a, HEK 
293T 
 
PURExpress kit (NEB), pET52b(+) , pETFPP30, 
pPICZB , pOPING, pOPING3Flag, pOPINGG2Strep, 
pOPINHALO7, pOPINJ, pOPINM, pOPINS3C, 
pOPINTF, pOPINTRX 
strep, his, Halo, 
GST, MBP, 
SUMO, TF, TRX, 
FLAG 
 yes/no n/a 
c178377_g1_i1 yes In vitro, E.coli (cytoplasmic 
and periplasmic), S. cerevisiae, 
P. pastoris, mammalian cells 
Origami 2(DE3), Rosetta 
2(DE3), Lemo21(DE3), 
BL21(DE3), BJ2169, CF034 10a, 
HEK 293T 
PURExpress kit (NEB), pET52b(+) , pETFPP30, 
pYES2, pPICZB , pOPING, pOPING3Flag, 
pOPINGG2Strep, pOPINHALO7, pOPINJ, pOPINM, 
pOPINS3C, pOPINTF, pOPINTRX 
strep, his, Halo, 
GST, MBP, 
SUMO, TF, TRX, 
FLAG 
 yes/yes yes 
c176563_g3_i3 yes In vitro, E.coli (cytoplasmic 
and periplasmic), P. pastoris, 
mammalian cells 
Origami 2(DE3), Rosetta 
2(DE3), Lemo21(DE3), 
BL21(DE3), BJ2169, CF034 10a, 
HEK 293T 
PURExpress kit (NEB), pET52b(+) , pETFPP30, 
pPICZB, pOPING, pOPING3Flag, pOPINGG2Strep, 
pOPINHALO7, pOPINJ, pOPINM, pOPINS3C, 
pOPINTF, pOPINTRX 
strep, his, Halo, 
GST, MBP, 
SUMO, TF, TRX, 
FLAG 
 yes/no n/a 
c176623_g3_i4 no E.coli (cytoplasmic), P. 
pastoris, mammalian cells 
Origami 2(DE3), CF034 10a, 
HEK 293T 
pET52b(+), pPICZB, pOPING, pOPING3Flag, 
pOPINGG2Strep 
strep, his  yes/no n/a 
c164680_g1_i4  E.coli (cytoplasmic), P. 
pastoris 
Origami 2(DE3), Rosetta 
2(DE3), CF034 10a 
pET52b(+), pPICZB strep, his  yes/yes yes 
c176007_g2_i1 yes In vitro, E.coli (cytoplasmic 
and periplasmic), insect cells 
Origami 2(DE3), Rosetta 
2(DE3), BL21(DE3), Sf9 
PURExpress kit (NEB), pET52b(+), pETFPP30, 
pOPINHALO7, pOPINJ, pOPINM, pOPINS3C, 
pOPINTF, pOPINTRX pOPINF, pOPINE 
strep, his, Halo, 
GST, MBP, 
SUMO, TF, TRX, 
FLAG 
 yes/yes no 
c177001_g3_i1 no E.coli (cytoplasmic and 
periplasmic), insect cells 
Origami 2(DE3), Rosetta 
2(DE3), BL21(DE3), Rosetta-
Gami2(DE3), Sf9 
pET52b(+), pETFPP30, pOPINHALO7, pOPINJ, 
pOPINM, pOPINS3C, pOPINTF, pOPINTRX pOPINF, 
pOPINE 
strep, his, Halo, 
GST, MBP, 
SUMO, TF, TRX, 
FLAG 
 yes/yes yes 
c173140_g2_i3 no E.coli (cytoplasmic and 
periplasmic), insect cells 
Origami 2(DE3), Rosetta 
2(DE3), BL21(DE3), Rosetta-
Gami2(DE3), Sf9 
pET52b(+), pETFPP30, pOPINHALO7, pOPINJ, 
pOPINM, pOPINS3C, pOPINTF, pOPINTRX pOPINF, 
pOPINE 
strep, his, Halo, 
GST, MBP, 
SUMO, TF, TRX, 
FLAG 
 yes/yes no 
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c169869_g1_i2 no E.coli (cytoplasmic and 
periplasmic), insect cells 
Origami 2(DE3), Rosetta 
2(DE3), BL21(DE3), Rosetta-
Gami2(DE3), Sf9 
pET52b(+), pETFPP30, pOPINHALO7, pOPINJ, 
pOPINM, pOPINS3C, pOPINTF, pOPINTRX pOPINF, 
pOPINE 
strep, his, Halo, 
GST, MBP, 
SUMO, TF, TRX, 
FLAG 
 yes/yes yes 
c122374_g1_i1 no E.coli (cytoplasmic and 
periplasmic) 
BL21(DE3), Rosetta-
Gami2(DE3) 
pET52b(+), pETFPP30 strep  yes/yes yes 
c180176_g1_i1 no E.coli (cytoplasmic and 
periplasmic) 
BL21(DE3), Rosetta-
Gami2(DE3) 
pET52b(+), pETFPP30 strep  yes/yes yes 
c173837_g2_i2 no E.coli (cytoplasmic and 
periplasmic) 
BL21(DE3), Rosetta-
Gami2(DE3) 
pET52b(+), pETFPP30 strep  yes/yes yes 
c169443_g1_i1 no E.coli (cytoplasmic and 
periplasmic) 
BL21(DE3), Rosetta-
Gami2(DE3) 
pET52b(+), pETFPP30 strep  no n/a 
c251108_g1_i1 no E.coli (cytoplasmic and 
periplasmic) 
BL21(DE3), Rosetta-
Gami2(DE3) 
pET52b(+), pETFPP30 strep  no n/a 
c91252_g1_i1 no E.coli (cytoplasmic and 
periplasmic) 
BL21(DE3), Rosetta-
Gami2(DE3) 
pET52b(+), pETFPP30 strep  no n/a 
c9656_g1_i1 no E.coli (cytoplasmic and 
periplasmic) 
BL21(DE3), Rosetta-
Gami2(DE3) 
pET52b(+), pETFPP30 strep  no n/a 
c167805_g1_i5 no E.coli (cytoplasmic and 
periplasmic) 
BL21(DE3), Rosetta-
Gami2(DE3) 
pET52b(+), pETFPP30 strep  no n/a 
 
Table 5.3. Solubility tags used for recombinant protein expression. 
Short 
name 
Long name Source Amino acids 
number 
Molecular 
weight 
(kDa) 
Purpose 
Halo Haloalkane dehalogenase Prokaryotic 314 35.3 Enhances functional protein production in prokaryotic and eukaryotic expression systems, based 
upon significantly improved protein stability and solubility; visualization of the subcellular 
localization of a protein of interest; immobilization of a protein of interest. 
GST Glutathione S-transferases Eukaryotic/ 
prokaryotic 
220 26.9 Enhances functional protein production in prokaryotic and eukaryotic expression systems, based 
upon significantly improved protein stability and solubility; purification tag. 
MBP Maltose binding protein Prokaryotic 389 42.5 Enhances functional protein production in prokaryotic and eukaryotic expression systems, based 
upon significantly improved protein stability and solubility; purification tag. 
SUMO Small ubiquitin-like 
modifier 
Eukaryotic 115 13.2 Enhances functional protein production in prokaryotic and eukaryotic expression systems, based 
upon significantly improved protein stability and solubility. 
TRX Thioredoxin Prokaryotic 127  13.8 
 
Enhances functional protein production in prokaryotic and eukaryotic expression systems, based 
upon significantly improved protein stability and solubility; improves protein crystallisation 
because it readily forms several crystals itself. 
FLAG Flag-tag Artificial 8 - Enhances functional protein production in prokaryotic and eukaryotic expression systems, based 
upon significantly improved protein stability and solubility; purification tag; isolation of protein 
complexes. TF Trigger factor Prokaryotic 450 50.2 Enhances functional protein production in prokaryotic and eukaryotic expression systems, based 
upon significantly improved protein stability and solubility. 
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5.4 The bacterial LpsGH5_8  
 
5.4.1 Sequence analysis and cloning 
The nucleotide sequence encoding for the bacterial protein LpsGH5_8 was obtained from 
the contig c177001_g3_i1 of the L. pedicellatus transcriptome presented in chapter 4.3, 
representing the 18th most transcribed CAZyme of the gills. Table 5.1 and 5.2 show its 
annotation details and expression attempts. The main protein parameters were predicted 
using the tools described in materials and methods (section 2.4.3) and are shown in Figure 
5.1. The protein comprises of 444 amino acid residues (Fig. 5.1A) and displays a signal 
peptide for secretion at the N-terminus, which includes the first 53 amino acids (Fig. 5.1B). 
A GH5 subfamily 8 and a CBM10 domain (which has cellulose binding function) follow the 
signal peptide and are separated by a poly-serine linker (Fig. 5.1C). The protein has a 
theoretical isoelectric point (pI) of 4.65 and an expected molecular weight (MW) of 46.5 
kDa, and it was predicted to have five possible disulphide bonds. 
LpsGH5_8 
MSVVYSGLSIKNNNGNKIMLVNRLKHRLGAGIKNSLAAVAIPFLAAISFNANAGFSVSGSQLLDANGQSFVMRGVNHP
HAWYTGETGSFADIAATGANTVRVVLSNGHQWTRNSASDVANVISLCKQNQLICVLEVHDATGGGEEGAAGTIAGAA
QYWVDIASALQGEEDYVIINIANEPVGNNQPSSMWINDHISAIQKLRNAGLTHTLMIDAPNWGQDWENVMRNNAP
QVAAADSLNNTMFSVHMYQVYQDYSTINGYLTGFVSDHNLPIIVGEFGGDHQGDEVDEDSILQVAQQNGIGYLGWS
WSGNGDCCTTLDIVNNFNGSSLTSWGNRLINGTNGIAQTSQRASVYGGGSTTSSSSSSSSSSSNNSSSSSSSSSSSSSSSSS
SSSGGGACTECNWYGSTYDLCNNQNSGWGWENQQSCIGIDTCEGQNGNGGPICSGS-  
 
 
 
Figure 5.1 LpsGH5_8 predicted sequence and domains. A. The amino acid sequence obtained by translating 
the nucleotide sequence with the ExPASy translate tool. Red indicates the signal peptide and the symbol – 
the stop codon. B. Prediction of signal peptide cleavage site presence and location obtained with the SignalP 
3.1 Server. C. The domain structure obtained with dbCAN. SP=signal peptide.  
C 
A 
B 
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The LpsGH5_8 sequence (with its CBM) was amplified from L. pedicellatus gill’s cDNA (Fig. 
5.2A) and purified. The primers used for the PCR, the thermo-cycling conditions and the 
detailed methods for the cloning of the protein are described in section 2.5. Ligation cloning 
into the cloning vector pSC-B-amp/kan was followed by white-blue screening of the 
transformed cells and confirmation by colony PCR of the presence of the inserted gene for 
LpsGH5_8 (Fig. 5.2B). The plasmids were extracted from the cells by miniprep and the 
presence of the correct sequence was verified by Sanger sequencing; the validated amino 
acid sequence was deposited in the European Nucleotide Archive (ENA) (accession number 
PRJEB28739). PCR was used to amplify the sequence with primers carrying a 15 base pairs 
extensions complementary to the ends the vector pET52b(+) and to linearise the vector by 
reverse PCR at the Kpnl restriction site. In-Fusion cloning was used to clone the gene into 
the vector pET52b(+), which has an N-terminal Strep-tag II and subsequent human 
rhinovirus (HRV) 3C cleavage site for protein purification, as well as 10X His-tag at the C-
terminus. The obtained construct was transformed in E. coli Rosetta-Gami 2(DE3) 
competent cells and the positive colonies were screened by colony PCR (Fig. 5.2C).  
 
Figure 5.2. Gel electrophoresis of the cloning steps of LpsGH5_8. A. Initial amplification of the gene from L. 
pedicellatus gill’s cDNA. The PCR product lies at the right height for the predicted gene size of 1.332 base 
pairs. B. Colony PCR performed to confirm the presence of the LpsGH5_8 insert in the cells transformed with 
the cloning vector pSC-B-amp/kan. All the 16 screened colonies contained an insert of the right length for 
LpsGH5_8. C. Second colony PCR performed to confirm the presence of the LpsGH5_8 insert in the cells 
transformed with the expression vector pET52b(+). All the ten screened colonies contain an insert of the 
correct size. The ladder used for the three gels was the HyperLadder 1kb from Bioline.  
 
A C 
B 
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5.4.2 Expression  
Rosetta-Gami 2(DE3) cells from colony two of Fig. 5.2C were grown in 100 ml of LB medium 
and induced with 0.5 mM IPTG, and were harvested after incubation at 20 °C, 30 °C and 37 
°C for 20 hours (details of the expression and purification steps are in chapter 2.6.3). After 
cell lysis, the non-induced and induced soluble fractions were electrophoresed into a SDS-
PAGE gel to confirm the presence of LpsGH5_8 and compare expression levels at the 
different temperatures. Figure 5.3A-B shows that expression of recombinant soluble 
LpsGH5-8 was successful at 20 °C, with small quantities obtained also at 30 °C, while none 
at 37°C.  
 
Figure 5.3. Analysis of the expression trial of LpsGH5_8. A. SDS-PAGE of the soluble fraction obtained from 
100 ml culture of non-inducted (ni), and induced cells at 20, 30 and 37 °C. B. Western blot anti-Strep analysis 
of the same samples as in A. The expected MW of LpsGH5_8 is ~46.5 kDa, which is in line with the product 
seen in both in A and B (red rectangles). The loaded samples were 30 µl in volume. The protein ladder used 
was PageRuler Plus prestained protein ladder from thermo Scientific.  
 
Expression was scaled up to one litre of LB medium, following the same protocol and 
incubation at 20 °C after induction. The resulting soluble cell fraction was filtered and 
subjected to affinity chromatography by running through a 5 ml StrepTrap column and 
eluting with 2.5 mM desthiobiotin in PBS. Figure 5.4A-B shows the purification 
chromatogram and the SDS-PAGE analysis of the eluted fractions containing absorbance 
peaks. Fraction 6 contained most of the purified protein, with minor quantities also seen in 
fractions 7 and 8. The SDS-PAGE gel shows the presence of two adjacent bands at a MW 
similar to that expected for LpsGH5_8. To investigate the nature of the two bands, protein 
identification by MALDI-TOF mass spectrometry was performed, and both of them were 
A B 
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identified as LpsGH5_8, but no differences in the amino acids composition could be 
identified, though it is possible that one band represents a shorter form of the protein 
caused by protease degradation.  
 
Figure 5.4. Affinity purification of LpsGH5_8. A. Chromatogram of the purification performed with a 5 ml 
StrepTrap column. B. SDS-PAGE analysis of the purification presented in A. L=lysate, FT=flow through, 
W=wash, F4 to F8 are the fractions from A. The volume of the loaded samples was 30 µl and the protein 
ladder used was PageRuler Plus prestained protein ladder from thermo Scientific. The expected MW of 
LpsGH5_8 is ~46.5 kDa, which is in line with the main band seen in fractions 6-8 in B (red rectangle); other 
minor bands are seen due to the purification not being completely efficient.  
 
Fractions 6 and 7 from the affinity purification were combined and the Strep-tag was 
successfully cleaved using the Turbo HRV 3C protease, procedure that was confirmed by 
SDS-PAGE and western blot analysis (not shown). Gel filtration in PBS was performed to 
isolate the pure protein, and the relevant peaks were verified by SDS-PAGE analysis. Figure 
5.5A-B shows the purification chromatograms and the SDS-PAGE analysis of the eluted 
fractions containing absorbance peaks. Peak number two contained LpsGH5_8, which 
resulted at an adequate level of purity for downstream activity assays. The fractions from 
peak two were therefore combined together, concentrated to 2 ml at 0.5 mg/ml (verified 
with a Bradford assay), for a total of 1 mg of protein. A thermal shift assay (Fig. 5.5C) 
A 
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confirmed the correct folding of the protein, which provided a melting temperature (Tm) 
of 43.0 °C (R2=0.999).  
 
Figure 5.5. Gel filtration of LpsGH5_8. A. Chromatogram of the gel filtration performed with a HiLoad 16/600 
Superdex 75 pg column. B. SDS-PAGE of the peaks from the purification presented in A. The volume of the 
loaded samples was 15 µl and the protein ladder used was PageRuler Plus prestained protein ladder from 
thermo Scientific. PP=pre-purification, P1=peak 1, P2=peak 2, P3=peak 3, P4=peak 4. The expected MW of 
LpsGH5_8 is ~46.5 kDa, which is in line with the main band seen in fractions from peak two (red rectangle). 
C. Thermal shift assay for the pulled and concentrated fraction from B (purple) and for the buffer used as a 
negative control (red).  
 
A version of LpsGH5_8 without its CBM module was also cloned, expressed and purified 
with identical methods and similar results to those for the full-length sequence (data not 
shown). Figure 5.6 presents the chromatograms of the gel filtration and the SDS-PAGE 
analysis performed after the affinity purification and removal of the Strep-tag. Each eluted 
A 
B 
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fractions containing LpsGH5_8 without CBM was confirmed as correctly folded by the use 
of a thermal shift assay (Fig 5.6C) and it was then combined with the others and 
concentrated to 0.7 mg/ml in a volume of 2 ml, for a total of 1.4 mg of protein. The Tm of 
the fraction ranged from 45.0 to 45.6 °C (R2=0.997-0.998). 
 
Figure 5.6. Gel filtration of LpsGH5_8 without CBM. A. Chromatogram of the gel filtration performed with a 
HiLoad 16/600 Superdex 75 pg column. B. SDS-PAGE of the peaks from the purification presented in A. The 
volume of the loaded samples was 15 µl and the protein ladder used was PageRuler Plus prestained protein 
ladder from thermo Scientific. PP=pre-purification, P2=peak 2. The expected MW of LpsGH5_8 without CBM 
is ~35.4 kDa, which is in line with the main band seen in fractions from peak two (red rectangle). C. Thermal 
shift assay for each of the fractions analysed in the SDS=PAGE presented in B; the buffer used as a negative 
control is in red.  
 
5.4.3 Activity assays  
5.4.3.1 Activity against polysaccharides 
A 
B 
C 
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A search of LpsGH5_8 amino acid sequence against the NCBI nrdb finds similarities to β-
mannosidases of various gammaproteobacteria, and dbCAN recognises in the sequence a 
GH5 domain of the subfamily 8, which is thought to include only extracellular endo-β-1,4-
mannosidases (Aspeborg et al., 2012). However, the CAZy database reports for this 
subfamily activity on different substrates such as mannose, xylose, glucose, lichenin, 
galactose and others. To test which substrates LpsGH5_8 is active on, polysaccharides were 
incubated with the enzyme and the reaction products analysed for reducing sugars using 
dinitrosalicylic acid (DNS) reducing sugar assays on a range of different polysaccharides. 
The enzyme was tested both as its full-length version and without the CBM10, which has 
been shown to have cellulose-binding activity (Raghothama et al., 2000). Figure 5.7A 
presents the results of the activity assays to test substrate preference, which were 
performed by incubating the protein for two hours in sodium phosphate buffer pH 8.0 at 
30 °C and 320 rpm. The assay shows that both version of the protein are able to degrade 
glucomannan and galactomannan, with some activity also recorded for LBG and 
arabinogalactan, but had little activity on β-galactan. The presence of the CBM does not 
seem to contribute significantly, as the activity of the two protein versions was found to 
have only minor and inconsistent differences. The protein does not seem to be able to 
degrade xylan substrates or cellulose (both in its water-soluble form CMC or PASC and 
surprisingly was also not active on mannan. The protein was also tested on milled scots 
pine, but no activity was noted with this assay.  
 
194 
 
 
Figure 5.7. DNS reducing sugar assays for LpsGH5_8 with and without CBM. A. The protein was tested on a 
range of polysaccharides at pH 7.8, 30 °C and 320 rpm for two hours. CMC= carboxymethyl cellulose, 
LBC=locust bean gum, PASC= phosphoric acid swollen cellulose. B, C and D show the protein activity at 
different temperatures, pHs and salinities, respectively. 
 
The protein preference for different temperatures, pHs and salinities was tested with the 
same methods, and the results are shown in Figure 5.7B-D. LpsGH5_8 preferred range of 
temperature seems to be between 30 and 50 °C; higher temperatures cause a sudden and 
dramatic drop in activity, while at lower temperatures the activity is substantially reduced. 
These results are in line with the protein melting temperature of 43-45 °C (with-without 
CBM) recorded by thermal shift assay. The protein is not active at acid pH, while activity 
starts at pH 6.0 and peaks at 7.0-8.0, with the higher range of alkaline pH (8.0-11.0) showing 
unaltered activity, indicating a tolerance to alkaline environments.  The range of preferred 
salinity is between 0.5-1.0 M NaCl, with higher salt concentrations causing a sudden loss of 
activity. These results are very similar between the two versions of the protein with or 
without CBM, with only minor differences that are not enough to suggest any contribution 
of the CBM in the overall protein activity levels. 
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5.4.3.2 Heat maps 
The results of the DNS reducing sugars assays show the enzymes preference for pH and 
temperature, but these parameters have been tested separately. In order to identify the 
enzymes optimal activity range at pH and temperature values combined together, a heat 
map for LpsGH5_8 with its CBM was produced, following the protocol developed by Herlet 
and colleagues (2017) and described in section 2.8.2. Briefly, 96 well PCR plates were 
prepared containing LpsGH5_8 together with its preferred substrate (glucomannan) and 
buffer (at a pH ranging from 4.5 to 8.0) and were heated at temperatures between 30 and 
74 °C in a thermal cycler using a temperature gradient. The results are shown in Figure 5.8. 
 
Figure 5.8. Heat map for LpsGH5_8. The substrate was glucomannan (1%), the temperature range 30 to 74 
°C, the pH range 4.5 to 8.0 (citrate buffer) and 10 µl of protein (at 0.5 mg/ml) were leaded in each well. 
 
The heat maps provided an immediate visual summary of the protein activity at different 
pH and temperatures, and highlighted the protein hot spot. LpsGH5_8 showed best activity 
for pHs ranging from 6.0 to 8.0 (and would have probably shown activity for a higher pH if 
they had been included in the experiment set up) and for temperatures between 35 to 60 
°C; a hot spot was identified at the pH of around 7.6 and temperature of 51 °C. The results 
obtained with the heat maps are similar to those obtained with DNS sugar assays 
performed with separate measurements for the two parameters, but would benefit from 
testing the protein at higher pH in order to obtain a more complete map. 
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5.4.3.3 Polysaccharide analysis using carbohydrate gel electrophoresis 
The DNS reducing sugar assays provided evidence on LpsGH5_8 substrate, temperature, 
pH and salinity preferences, allowing us to confirm the annotation of beta-mannanases and 
to determine the preferred environmental conditions; to obtain more detailed information 
on the mechanism of enzyme action, polysaccharide analysis using carbohydrate gel 
electrophoresis (PACE) was performed. This separation technique allows visualisation of 
the products of the digestion of a protein with the chosen substrates, therefore providing 
qualitative and quantitative characterisation of enzymatic activity, such as the enzyme site 
of hydrolysis along the carbohydrate chain and therefore the products formed during the 
digestion (Goubet et al., 2002; Kosik et al., 2012). The purified LpsGH5_8, with and without 
CBM, was mixed with the substrates, which were chosen on the base of availability and of 
the known protein substrate preference; scots pine was included to investigate the 
digestion products of the wood where L. pedicellatus was grown for the proteomic and 
transcriptomic studies presented in Chapter 4. The reaction was left at 30 °C overnight 
before the removal of the undigested polysaccharides with ethanol precipitation. The dried 
digestion products were than separated in a polyacrylamide gel (for details on the method 
see section 2.8.3) and they are shown in Figure 5.9. These assays were performed by Marta 
Busse-Wicher at the Department of Biochemistry, Cambridge University. 
 
Figure 5.9. PACE analysis performed on selected substrates for LpsGH5_8 with and without CBM. 1 μg of 
protein was used for each reaction. M1 to M6 represent the mannose standards containing from one to six 
molecules of mannose. Negative controls are those with no protein (right panel) or no substrates (first lane 
of each panel). LBG=locust bean gum.  
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The assay suggests that LpsGH5_8 is active on a range of mannans, releasing mannose, 
mannobiose and longer mannoolisaccharides from glucomannan, LBG and mannan. 
Contrary to the DNS reducing sugar assays, products were also seen on scots pine, 
indicating activity on this wood. Faint bands are visible on the gel presenting the digestion 
with galactan, denoting minor activity on this substrate, similar to what is seen for the DNS 
reducing sugar assay (Fig. 5.7A). Bands not corresponding to the mannose standards are 
also visible in the gel, suggesting that LpsGH5_8 can cleave sugar decorations along the 
mannose chain; the nature of these sugars could be assessed by re-running the PACE assay 
using standards for other polysaccharides. 
 
5.5 The bacterial LpsGH134a and LpsGH134b 
 
5.5.1 Sequence analysis and cloning 
The nucleotide sequences encoding for the bacterial proteins LpsGH134a and LpsGH134b 
were obtained from the contigs c122374_g1_i1 and c180176_g1_i1 of the L. pedicellatus 
transcriptome presented in chapter 4.3. The former is one of the most abundant bacterial 
CAZymes of the caecum, gills and crystalline style proteome, while the latter is only found 
in the crystalline style. Table 5.1 and 5.2 show their annotation details and expression 
attempts. The main protein parameters were predicted using the tools described in 
materials and methods (section 2.4.3), and are shown in Figure 5.10. LpsGH134a comprises 
of 393 amino acid residues and LpsGH134b of 433 (Fig. 5.10A), and they both display a 
signal peptide for secretion at the N-terminus, which includes the first 22 amino acids for 
the former and 53 for the latter (Fig. 5.10B). Three CBM10 domains are found after the 
signal peptide, followed by a GH134 domain, and the modules are separated by poly-serine 
linkers (Fig. 5.10C). The proteins have, respectively, a theoretical pI of 4.51 and 4.63, an 
expected MW of 40.4 and 44.9 kDa, and they both were predicted to have ten possible 
disulphide bonds. 
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LpsGH134a 
MKPIIKVVFMFVIYILSSQSFAQSQCNWYGTNYPVCQNQSTEWGWENNQSCIGPETCAANGGSSSGGSSSSSSSSSSS
SSTGGSGGAAGGQCDWYGSNYPLCTNQNSGWGWENNQSCIGPDTCTNPSGSSGGGSGNSSSSSSSSSSSSSSSTGG
SASGGTCNWYGTDHPMCVNTASGWGWENNQSCISQAECGTQGGSGGSSGGGNTGGGSNNGGSAGGSCGVGTC
PDSLSCPGGASCGCYTVSGLGANKRAYQDAGADRRFLASAMMETELMDTNYTYGDGKSGDAFNAGATKQNWGMI
RQCHSAWSGYGSGDYAVSDQMNSSRSLDVQVYGECRSYFGNNWFAGHRNGSSGLENPNTSDIQRFKEGYDWTYN
MLNGHECDDVRFWVDIPAI- 
LpsGH134b 
MGANLSCWLFRASTFLGGNTRYSHIHNRSFFMKPIIKVVFMFVIYLLSSQSFAQSQCDWYGTNYPVCQNQSSEWGW
ENNQSCIGPETCAANGGSSSGGSGGGSSSSSSSSSSSSSSSTGGSGGAAGGQCDWYGSNYPLCSNQNSGWGWENN
QSCIGPDTCTSPSGSSGSGSGNSSSSSSSSSSSSSSSSTGGSANGGTCNWYGTNHPMCVNTNSGWGYENNQSCISQA
ECDTQGGSGSSSSGGNTGGGSNNGGGSTGGGSCGVGTCPDSLNCPGGASCGCYTVSGLGANKRAYQDAGADRRFL
ASAMMETELMDTNYTYGDGKSGDAFNAGATKQNWGMIRQCHSAWSGYGADDYSVSDEMNSSRSLDVQVYGECR
SYFGNNWFAGHRNGSSGLDNPNTDDIQRFREGYDWTYNMLNGHECDDVRFWVDIPAI-  
 
 
 
Figure 5.10. LpsGH134a and LpsGH134b predicted sequences and domains. A. The amino acid sequences 
obtained by translating the nucleotide sequences with the ExPASy translate tool. Red indicates the signal 
peptide and the symbol – the stop codon. B. Prediction of signal peptide cleavage site presence and location 
obtained with the SignalP 3.1 Server. C. The domain structure obtained with dbCAN. SP=signal peptide. 
LpsGH134a 
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As for LpsGH5_8, the sequence for LpsGH134a and LpsGH134b (with their three CBMs) 
were amplified from L. pedicellatus gill’s cDNA and purified (Fig. 5.11A1-A2). The primers 
used for the PCR, the thermo-cycling conditions and the detailed methods for the cloning 
of the protein are described in section 2.5 Ligation cloning into the cloning vector pSC-B-
amp/kan was followed by white-blue screening of the transformed cells and confirmation 
by colony PCR of the presence of the inserted gene for LpsGH134a or LpsGH134b (Fig. 
5.11B1-B2). The plasmids were extracted from the cells by miniprep and the presence of 
the correct sequences was verified by Sanger sequencing; the validated amino acid 
sequences were deposited in the ENA (accession number PRJEB28739).  
Cloning into the expression vector (pET52b(+)) and transformation into the competent cells 
E. coli Rosetta-Gami 2(DE3) followed the same procedure as for LpsGH5_8 (Chapter 5.4.1). 
The screened colonies are shown in Fig. 5.11C1-C2.  
 
 
 
 
Figure 5.11. Gel electrophoresis of the cloning steps of LpsGH134a and LpsGH134b. A. Initial amplification of 
LpsGH134a (A1) and LpsGH134b (A2) from L. pedicellatus gill’s cDNA. The PCR products lie at the right height 
for the predicted gene sizes of 1,179 and 1,302 base pairs respectively, though a double band is seen in A2. 
B. Colony PCR performed to confirm the presence of the LpsGH134a (B1) and LpsGH134b (B2) inserts in the 
cells transformed with the cloning vector pSC-B-amp/kan. All the eight screened colonies contained an insert 
of the right length for LpsGH134a, while seven of the eight colonies for LpsGH134b. C. Second colony PCR 
performed to confirm the presence of the LpsGH134a (C1) and LpsGH134b (C2) inserts in the cells 
transformed with the expression vector pET52b(+). All the four screened colonies contained an insert of the 
correct size for LpsGH134a, and all eight for LpsGH134b. The ladder used for the three gels was the 
HyperLadder 1kb from Bioline.  
C1 C2 
A1 A2 B1 
C1 
B2 
C2 
200 
 
5.5.2 Expression  
The Rosetta-Gami 2(DE3) cells from colony number one of the gel presented in Fig. 5.11C1 
and colony number two of the gel of Fig. 5.10C2  were grown in 100 ml of LB and auto-
induction (AI) medium, induced (only LB) with 1 mM IPTG, and were harvested after 
incubation at 16 °C and 20 °C for 20 hours (details of the expression and purification steps 
are in section 2.6). After cell lysis, the non-induced and induced soluble fractions were 
electrophoresed into a SDS-PAGE gel to confirm the presence of LpsGH134a and 
LpsGH134b and compare expression levels at the different temperatures with the two 
media. Figure 5.12A-B shows that expression of recombinant soluble LpsGH134a was 
successful only in LB at both temperatures, while for LpsGH134b at 20°C with both media 
and very little at 16 °C with LB.  
Figure 5.12. Analysis of the expression trial of LpsGH134a and LpsGH134b. A. SDS-PAGE of the soluble fraction 
obtained from 100 ml culture of non-inducted (NI) and induced cells at 16 °C and 20 °C in LB and AI. B. Western 
blot anti-Strep analysis of the same samples as in A. The expected MW of LpsGH134a is ~40.4 kDa, and of 
LpsGH134b is ~44.9 kDa, which is slightly smaller than the product seen in both in A and B (red rectangles), 
but still in line with correct expression. The loaded samples were 15 µl in volume. The protein ladder used 
was PageRuler Plus prestained protein ladder from thermo Scientific. 
 
Expression was scaled up to one litre of LB medium, following the same protocol and 
incubating only at 20 °C after induction. The resulting soluble cell fraction was filtered and 
was purified by affinity chromatography by running through a 5 ml StrepTrap column and 
eluting with 2.5 mM desthiobiotin in PBS. Figure 5.13A-B shows the purification 
chromatogram and the SDS-PAGE analysis of the eluted fractions containing absorbance 
peaks.  
A B 
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Figure 5.13. Affinity purification of LpsGH134a (left) and LpsGH134b (right). A. Chromatogram of the 
purification performed with a 5 ml StrepTrap column, showing only the elution phase. B. SDS-PAGE analysis 
of the purification presented in A. L=lysate, FT=flow through, F4 to F6 are the fractions from A. The volume 
of the loaded samples was 20 µl and the protein ladder used was PageRuler Plus prestained protein ladder 
from thermo Scientific. The expected MW of LpsGH134a is ~40.4 kDa, and of LpsGH134b is ~44.9 kDa, which 
is slightly smaller than the product seen in both in A and B (red rectangles), but is comparable the expression 
trials presented in Figure 5.12. 
 
Fractions 4 and 5 contained most of the purified protein for both LpsGH134a and 
LpsGH134b, therefore they were combined together, subject to buffer exchange in PBS to 
remove the desthiobiotin and concentrated to 2 ml at 0.5 mg/ml (verified with a Bradford 
assay), for a total of 1 mg of protein. A thermal shift assay (Fig. 5.14) was performed to 
confirm the correct folding of the protein, which provided a Tm of 51.6 °C (R2=0.954) for 
LpsGH134a and of 50.6 °C (R2=0.931) for LpsGH134a. The melt curves did not present the 
typical shape that suggest correct folding, given that their fluorescence started at a high 
value and that they presented small or multiple peaks; this however could be the effect of 
the presence of multiple domains in the proteins sequence or the proteins might not be 
suitable for thermal shift analysis. 
A 
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Figure 5.14. Thermal shift assay for LpsGH134a (blue line) and LpsGH134b (yellow line) after the fractions of 
the affinity purification were combined together, buffer exchanged and concentrated. Buffer only was used 
as a negative control (red line).  
 
5.5.3 Activity assays  
5.5.3.1 Activity against polysaccharides 
The CAZy database lists GH134s as recently discovered enzymes (Shimizu et al., 2015), for 
which endo-β-1,4-mannanase activity only has been recorded. Endo-β-1,4-mannanases are 
enzymes that are able to hydrolyse the internal β-1,4-linkage of the backbone of β-
mannans such as glucomannan, galactomannan and galactoglucomannan (Moreira and 
Filho, 2008), which are hemicelluloses found normally in plant cell walls and endosperm 
and are used as storage polysaccharides (Shimizu et al., 2015). Endo-β-1,4-mannanases are 
found in many organisms (eukaryotes, prokaryotes, fungi and viruses) and they belong to 
different GH families of the CAZy database, such as family 2, 5, 26 and 113 (Chauhan et al., 
2012). Out of the 138 known GH134s, five are bacterial, while all the others are produced 
by fungi belonging to various classes. GH134s have a unique inverted stereochemistry and 
a tertiary structure very similar to that of a lysozyme from hen egg white, suggesting that 
this structure has been co-opted during evolution for a completely different function (Jin 
et al., 2016). 
To test whether the GH134s from L. pedicellatus symbionts are indeed able to degrade β-
mannans, DNS reducing sugar assays with LpsGH134a and LpsGH134b were performed on 
a range of different polysaccharides, which included mannans but also other 
hemicelluloses and cellulose in different preparations. The assays were performed despite 
the unusual melt curves for the proteins obtained with the thermofluor (Fig. 5.14), since 
Congo red agar plate assays with mannan substrates gave positive results (not shown), 
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suggesting that the proteins are folded and active. Figure 5.15 presents the results of the 
DNS reducing sugar assay to test substrate preference, which were performed by 
incubating the protein for two hours in sodium phosphate buffer pH 8.0 at 30 °C and 320 
rpm.  
 
  
 
Figure 5.15. DNS reducing sugar assays for LpsGH134a and LpsGH134b. The protein was tested on a range of 
polysaccharides. CMC= carboxymethyl cellulose, LBC=locust bean gum, PASC= phosphoric acid swollen 
cellulose. B, C and D show the protein activity at different temperatures, pH and salinities, respectively.  
 
The assay shows that both LpsGH134a and LpsGH134b are able to degrade glucomannan, 
galactomannan, mannan and LBG, with minor activity on galactan and β-glucan, while the 
amount of reducing sugars produced on pachyman is not sufficient to confirm activity on 
this substrate. The two proteins seem to have very similar activity, with minor differences 
apart from the products obtained from the digestion with xyloglucan, which are more 
convincing for LpsGH134b but need further analysis for confirmation. Both proteins do not 
seem to be able to degrade xylan or arabinogalactan or cellulosic substrates (CMC and 
PASC), and both seem to have a similar preference for pH around neutrality, despite 
LpsGH134b showing less activity pH above 8.0. Both proteins also seem to be intolerant to 
A B 
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salt, given that best performance was only obtained for buffer without NaCl added. The 
temperature at which the highest amount of reducing sugars was produced was 30 °C for 
LpsGH134a and 40 °C for LpsGH134b; both proteins have lower activity in the 20-30 °C 
range and a sudden loss of activity between 50 and 60 °C, which is in line with the recorded 
Tm for the two enzymes (51.6 °C and 50.6 °C, respectively). 
 
5.5.3.2 Heat maps 
In order to identify the enzymes optimal activity range at pH and temperature values 
combined together, heat maps for LpsGH5_8 were produced, with the same experimental 
procedure described for LpsGH134a and LpsGH134b in section 5.4.2.2. The results are 
shown in Figure 5.16. 
 
 
Figure 5.16. Heat maps for LpsGH134a (A) and LpsGH134b (B). The substrate was glucomannan (1%), the 
temperature range 30 to 74 °C, the pH range 4.5 to 8.0 for LpsGH134b and 4.0 to 7.5 for LpsGH134a (citrate 
buffer). 10 µl of protein (at 0.5 mg/ml) were leaded in each well. 
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LpsGH134a showed best activity for a wide range of pH (from 4.5 to 7.5) and for 
temperatures between 30 to 50 °C; a hot spot was identified at the pH of around 6.8 and 
temperature of 38 °C. LpsGH134a does not show the same pH tolerance and seems to 
prefer higher temperatures; a main hot spot was identified, at around pH 6.7 and 
temperature of 51 °C. For both proteins, the results obtained with the heat maps are similar 
to those obtained with DNS sugar assays performed with separate measurements for the 
two parameters. 
 
5.5.3.3 Polysaccharide analysis using carbohydrate gel electrophoresis  
The DNS reducing sugar assays confirmed that LpsGH134a and LpsGH134b are β-1,4-
mannanases active on a range of different β-mannans. To deepen our investigation, we 
performed PACE analysis in order to gather further information on the mechanism of 
enzyme action and to find out whether the two enzymes are endo- or exo-acting β-
mannanases. Similarly to the experiments with LpsGH5_8 (section 5.4.3.3), we mixed 
LpsGH134a and LpsGH134b were mixed with a panel of mannose substrates, including 
scots pine, and the reactions were run at 30 °C overnight before removing the undigested 
polysaccharides and drying the products, which were than separated in a polyacrylamide 
gel (Figure 5.17). These assays were performed by Marta Busse-Wicher at the Department 
of Biochemistry, Cambridge University. 
 
Figure 5.17. PACE analysis performed on selected substrates for LpsGH134a and LpsGH134b. 1 μg of protein 
was used for each reaction. M1 to M6 represent the mannose standards containing from one to six molecules 
of mannose. Negative controls are those with no protein (right panel) or no substrates (first lane of each 
panel). LBG=locust bean gum.  
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The assay confirms the results obtained with the DNS reducing sugars assay (Fig. 5.15), 
indicating that both LpsGH134a and LpsGH134b are able to degrade polysaccharides such 
as glucomannan, mannan, LBG and galactan. The digestion of scots pine also produced 
mannose products similar (but not identical) to those obtained with LBG. LpsGH134a and 
LpsGH134b do not generate identical digestion products, since the former appears to 
release longer mannoolisaccharides that the latter, with only LpsGH134b generating 
mannobiose. Both proteins do not appear to have mannosidase activity since no mannose 
is generated, therefore they can be classified as endo-β-1,4-mannanase. 
 
5.6 The bacterial LpsGH11 
 
5.6.1 Sequence analysis and cloning 
The nucleotide sequence encoding for the bacterial protein LpsGH11 was obtained from 
the contig c169869_g1_i2 of L. pedicellatus transcriptome presented in chapter 4.3. The 
protein is found among the CAZymes of the caecum and digestive glands, despite not being 
abundant. It was set as a target for heterologous expression because it is among the most 
highly expressed bacterial CAZymes of the gills and because it was identified by SDS-
polyacrylamide gel electrophoresis performed with the caecum fluids (chapter 3.4.2.4). 
Table 5.1 and 5.2 show LpsGH11 annotation details and expression attempts. The main 
protein parameters were predicted using the tools described in materials and methods 
(section 2.4.3), and are shown in Figure 5.18. LpsGH11 comprises of 419 residues (Fig. 
5.18A) and it displays a signal peptide for secretion at the N-terminus, which includes the 
first 35 amino acids (Fig. 5.18B). The signal peptide is followed by a GH11 domain, a CBM10 
and a CBM5 (which was previously described as a cellulose binding domain, while chitin 
binding activity has recently been reported in several cases), with the three modules being 
separated by two poly-serine linkers (Fig. 5.18C). The protein has a theoretical pI of 4.68 
and an expected MW of 43.3 kDa, and it is predicted to have four possible disulphide bonds. 
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LpsGH11 
MKVTDFKSGYVGFAKTVSFALVATAAALFSIGANAQTTLSSNSTGNNDGYYYTFWKDSGDASMTLYPGGRYTSSWTS
STNNWVGGYGWNPGSRRTVSYSGSYSANGTSYLALYGWTRNPLIEYYVVENWVNYNPSSGADTYGTVNIDGSTYTL
ARSQRVQQPSIDGTATFYQYWSVRSNKRTSGTIDVGAHFDAWASVGLNLGTEFNYMVMATEGYQSGGSSDITVSQG
GSSGSTTSSSSSSSSSSSSSSSSSGSTGGQCGNCNWYGSIYPLCNNQNSGWGWESNQSCIGVDTCSGQNGNGGPVDC
NGGGSNSSSSSSSSSSSSSSSSNSSSSSSSSSSSSSSSSSSSSSSGGNNGGGTNCGGVNEYPNWTAKDWSGGTNNHANS
GDQMVYQGQLYQANWYTSTVPGSDASWTTVGSCN- 
 
 
 
Figure 5.18 LpsGH11 predicted sequences and domains. A. The amino acid sequences obtained by translating 
the nucleotide sequences with the ExPASy translate tool. Red indicates the signal peptide and the symbol – 
the stop codon. B. Prediction of signal peptide cleavage site presence and location obtained with the SignalP 
4.1 Server. C. The domain structure obtained with dbCAN. SP=signal peptide. 
 
Similarly to the other expressed bacterial proteins, the sequence for LpsGH11 (with its two 
CBMs) was amplified from L. pedicellatus gill’s cDNA and purified (Fig. 5.17A). PCR, ligation 
cloning into the cloning vector pSC-B-amp/kan, transformed cells screening and colony PCR 
was also performed following the same methods (Fig. 5.18B). The correct sequence was 
verified by Sanger sequencing and the validated amino acid sequence was deposited in the 
ENA (accession number PRJEB28739). 
The expression strategy for LpsGH11 was different from the other bacterial proteins. The 
initial attempts to express the protein in E. coli cytoplasm and periplasm failed (not shown) 
despite trials with different temperatures, induction concentrations, culture media, 
competent cells and solubility tags. It was therefore decided to attempt expression in insect 
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cells with the help of the Oxford Protein Production Facility UK (OPPF-UK), which kindly 
allowed us to use their high throughput expression and purification systems for 
recombinant proteins (https://www.oppf.rc-harwell.ac.uk/OPPF/). The vector used for 
expression was pOPINSC3, developed by OPPF-UK (Bird, 2011), which includes an N-
terminal His-tag, followed by a SUMO (small ubiquitin like modifier) solubility tag and by 
the rhinovirus 3C cleavage site just before the protein cloning site. The LpsGH11 sequence 
was therefore amplified with primers carrying a 15 bp extensions complementary to the 
ends the pOPINSC3 vector and the vector was linearised by reverse PCR. In-Fusion cloning 
was used to clone the gene into the vector, and the obtained construct was transformed 
into OmniMaxII competent cells (Fig. 5.19C) and the correct sequence was verified by 
Sanger sequencing.   
 
Figure 5.19. Gel electrophoresis of the cloning steps of LpsGH11. A. Initial amplification from L. pedicellatus 
gill’s cDNA. The PCR product lies at the right height for the predicted gene sizes of 1,260 base pairs. B. Colony 
PCR performed to confirm the presence of the LpsGH11 insert in the cells transformed with the cloning vector 
pSC-B-amp/kan. Most of the screened colonies contained an insert of the right length. C. Second colony PCR 
performed to confirm the presence of the LpsGH11 insert in the cells transformed with the expression vector 
pOPINSC3. Only two colonies were screened and both contained LpsGH11 insert with the SUMO tag (for a 
total of 1,605 base pairs). The ladder used for the three gels was the HyperLadder 1kb from Bioline.  
 
5.6.2 Expression  
Infection and expression screening into Sf9 (Spodoptera frugiperda) insect cells was 
performed using the baculovirus expression system (see section 2.6.4). Figure 5.20 shows 
the initial expression screening and the results of the scale up into 0.5 litres of culture 
medium.  
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Figure 5.20. Gel electrophoresis of the transfection of LpsGH11 into Sf9 cells. A. Initial screening after 
transfection with P1 virus, showing expression at the MW of around 60 kDa (red rectangle), which is 
corresponds closely to the protein MW (43.3 kDa) together with the SUMO tag MW (13.2 kDa). B. expression 
screening with the P2 viruses, showing expression both in 3 and 30 µl of medium. C. Expression scale up into 
0.5 litres of medium. The ladder used for the three gels was the wide range SigmaMarker from Sigma-Aldrich.  
 
The pellet obtained from the centrifugation of the scale-up was lysed and the supernatant 
was subject to affinity purification using a 5 ml HisTrap HP column and a 30-500 mM 
imidazole gradient. The fractions obtained from the purification were pooled together, 
concentrated to 2.5 ml and subjected to gel filtration. Figure 5.21 shows the chromatogram 
of the purification and the SDS-PAGE and western blot analysis of the fractions obtained. 
The obtained protein was of good purity, however two bands with a MW difference of 
around 30 kDa were identified as LpsGH11 in the SDS-PAGE and the western blot. Protein 
identification by MALDI-TOF/TOF tandem mass spectrometry was performed on the two 
bands, and both of them were identified as LpsGH11, but no differences in the amino acids 
composition could be highlighted, though it is possible that one band represents a shorter 
form of the protein caused by protease degradation or by the loss of one of the CBMs. All 
the fractions from peak two of the gel filtration were pooled together and the SUMO tag 
was successfully cleaved using the Turbo HRV 3C protease, procedure that was confirmed 
by SDS-PAGE and western blot analysis (not shown). The resulting LpsGH11 was 
concentrated to 1 ml at 0.1 mg/ml (verified with a Bradford assay), for a total of 100 mg of 
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protein. A thermal shift assay (Fig. 5.22) was performed to confirm the correct folding of 
the protein, which resulted to have a Tm of 62.2 °C (R2=0.999). 
 
Figure 5.21. Gel filtration of LpsGH11. A. Chromatogram of the gel filtration performed with a HiLoad 16/600 
Superdex 75 pg column in PBS. B. SDS-PAGE of the peaks from the purification presented in A. The volume of 
the loaded samples was 15 µl and the protein ladder used was PageRuler Plus prestained protein ladder from 
thermo Scientific. PP=pre-purification, P1a to P1g=various fractions from peak 1, P2a to P2c= fractions from 
peak 2. The expected MW of LpsGH11 with the SUMO tag is ~56.5 kDa, which is lower or higher than the two 
bands seen in the three fractions from peak 2 (red rectangle). C. Western blot anti-His analysis of all the 
fractions from peak 2, showing that the antibody recognised the protein in both bands. 
 
Figure 5.22. Thermal shift assay for LpsGH11 (blue line) after the SUMO tag cleavage and concentration. The 
red line is the negative controls (buffer only).  
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5.6.3 Activity assays  
5.6.3.1 Activity against polysaccharides 
Annotation against the NCBI nrdb classifies LpsGH11 as a putative 1,4-beta-xylanase, and 
the CAZy database lists GH11s as enzymes with endo-β-1,4-xylanase or endo-β-1,3-
xylanase only. Xylanases are glycosidases that randomly hydrolyse 1-4- or 1-3-β-xylosidic 
linkages of the cell wall polysaccharide xylan, and are produced (mostly secreted) by many 
organisms, including bacteria, algae, protozoa, fungi and other eukaryotes (Prade, 1996; 
Collins et al., 2005). Xylanases are found among the GH families 5, 8, 7 and 43, but mostly 
belong to the families GH10 and GH11, with the family 11 being the only one that is 
monospecific, containing only xylanases and being active solely on substrates containing D-
xylose (Collins et al., 2005).   
To test whether LpsGH11 is indeed able to degrade xylans, DNS reducing sugar assays were 
performed on a range of different polysaccharides, which included xylans but also other 
hemicelluloses and cellulose in different preparations. Figure 5.23 presents the results of 
the DNS reducing sugar assay to test substrate preference, which were performed by 
incubating the protein for two hours in sodium phosphate buffer pH 8.0 at 30 °C and 320 
rpm.  
 
Figure 5.23. DNS reducing sugar assays for LpsGH11. The protein was tested on a range of polysaccharides. 
CMC= carboxymethyl cellulose, LBC=locust bean gum, PASC= phosphoric acid swollen cellulose.  
 
The assay shows that LpsGH11 is definitely able to degrade arabinoxylan. The other 
substrates on which it shows activity, mainly xylan but also CMC, LBG and pachyman, 
present errors bars that are too big to be able to confirm activity with confidence. The assay 
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could not be repeated to improve the error bars due to the lack of protein, which was 
expressed on a difficult platform (insect cells) and only at low yields. The protein does not 
seem to be able to degrade mannans or galactan. It is therefore possible to confirm the 
annotation of 1,4-beta-xylanase, though β-1,3-xylanase activity is also possible and should 
be checked on an appropriate substrate.   
 
5.6.3.2 Polysaccharide analysis using carbohydrate gel electrophoresis 
Similarly to the other bacterial enzymes, LpsGH11 was tested with PACE in order to gather 
additional information on the mechanism of enzyme action and to find out if it has a 
preference for a specific cleavage site along the xylan chain. Different amounts (from 0.3 
to 4.0 μg) of LpsGH11 were therefore mixed with grass xylan, and the reactions were run 
at 30 °C overnight before removing the undigested grass xylan and drying the products, 
which were than separated in a polyacrylamide gel (Figure 5.24). These assays were 
performed by Marta Busse-Wicher at the Department of Biochemistry, Cambridge 
University. 
 
Figure 5.24. PACE analysis performed on grass xylan for LpsGH11. From 0.4 to 4.0 μg of protein were used for 
each reaction. X1 to X6 represent the xylose standards containing from one to six molecules of xylose. 
Negative controls are those with no protein (first lane) or no substrates (last lane). 
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The digestion products highlighted by the assay show that LpsGH11 is able to digest grass 
xylan, producing mainly xylose and xylobiose, and some xylotriose, while it does not 
generate longer polymers of xylose. This suggests that the enzyme probably has exo- rather 
than endo-xylanase activity. Bands not corresponding to the xylose standards are also 
visible in the gel, suggesting that the LpsGH11 is also able to cleave sugar decorations along 
the xylan chain; the nature of these sugars could be assessed by re-running the PACE assay 
using different standards.  
 
5.7 The bacterial LpsAA10 
 
5.7.1 Sequence analysis and cloning 
LpsAA10 was set as a target for heterologous expression because it is the fourth most highly 
expressed bacterial CAZyme of L. pedicellatus gills and because it was identified by SDS-
polyacrylamide gel electrophoresis performed with the caecum fluids (chapter 3.4.2.4), 
despite not being very abundant in the caecum proteomics results. It is also the only full 
length LPMO found in the caecum fluids, where it is likely to have a role in wood digestion. 
Its nucleotide sequence was obtained from the contig c173837_g2_i2 of the L. pedicellatus 
transcriptome presented in chapter 4.3 and table 5.1 and 5.2 show its annotation details 
and expression attempts. The main protein parameters were predicted using the tools 
described in materials and methods (section 2.4.3), and are shown in Figure 5.25. LpsAA10 
comprises of 379 amino acid residues (Fig. 5.25A) and it displays a signal peptide for 
secretion at the N-terminus, which includes the first 24 amino acids (Fig. 5.25B). The signal 
peptide is followed by an AA10 domain and a CBM10, which are separated by a poly-serine 
linker (Fig. 5.25C). The protein has a theoretical pI of 5.70 and an expected MW of 40.0 kDa, 
and it is predicted to have eight possible disulphide bonds. 
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LpsAA10 
MFATRTIKATAALALLGFAGMAFGHGYIESPPSRQQHCGVEVKPDNRSSNKCDEAFDNYGGQSSHWYNFMSVVAH
NEGRKVEKGTTNVCGFDGESFNPAPWDTAADWPTTAISAGNQNFVWNISNGPHFSDTKELVFWITKPGFTFDSNRV
LTWDDFEPAPFCDEQVGSGDFGSNPNVTAGSVDITVNCNVPSRSGRHVIYSEWGRDPATYERFFSCVDVTFGGSNG
GGSTTSSSSSSSSSSSSSSSSSSSSNSSSSSSSSSSSSSSSSGSTGGQCVCQWYSEGTYPICENSTGWGWENNQSCQVAS
GGSSGGGSSSGSCGTGSCPSSLSCPSGMNCGCYTVFRFGSKQTRLSRCRGRSKLPRVSNDGNRSDGYQLRLW- 
 
 
 
Figure 5.25. LpsAA10 predicted sequences and domains. A. The amino acid sequences obtained by translating 
the nucleotide sequences with the ExPASy translate tool. Red indicates the signal peptide and the symbol – 
the stop codon. B. Prediction of signal peptide cleavage site presence and location obtained with the SignalP 
4.1 Server. C. The domain structure obtained with dbCAN. SP=signal peptide. 
 
The sequence for LpsAA10 could not be amplified from L. pedicellatus gill’s cDNA despite 
numerous attempts, therefore it was synthetized and codon optimised for expression in E. 
coli by GenArt (www.thermofisher.com). The sequence, without the CBM, was cloned into 
the vector pETFPP30 (a modification of the vector pET22b) in order to perform expression 
in the periplasm, an expression system that has more chances to produce a correctly folded 
and active protein. The vector pETFPP30 has an N-terminal pelB leader sequence which 
guides to protein to the periplasm (Yoon et al., 2010) and a C-terminal His-Tag preceded by 
the human rhinovirus (HRV) 3C cleavage site. PCR was used to amplify LpsAA10 sequence 
with primers carrying a 15 base pairs extensions complementary to the ends the vector 
pETFPP30, adding a Strep-tag at the N-terminus (Fig. 5.26A), and to linearise the vector (see 
materials and methods section 2.5). The obtained construct was transformed in stellar 
competent cells and screened by colony PCR (Fig. 5.26B), the correct sequence was verified 
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by Sanger sequencing and the validated amino acid sequence was deposited in the ENA 
(accession number PRJEB28739). The plasmids were then transformed into E. coli Rosetta 
2(DE3) competent cells for expression, with colony PCR screening to confirm the presence 
of the constructs containing the LpsAA10 insert (Fig. 5.26C);  
 
Figure 5.26. Gel electrophoresis of the cloning steps of LpsAA10. A. Initial amplification from the vector 
containing the codon optimised sequence. The PCR product represents LpsAA10 without the CBM, which has 
a predicted size of 696 base pairs. B. Colony PCR performed to confirm the presence of the LpsAA10 insert in 
the cells transformed with the vector pETFPP30. All the screened colonies contained an insert of the right 
length. C. Second colony PCR performed to confirm the presence of the LpsAA10 insert in the Rosetta-Gami 
2(DE3) competent cells transformed with the expression vector pETFPP30. All the colonies screened 
contained LpsAA10. The ladder used for the three gels was the HyperLadder 1kb from Bioline.  
 
5.7.2 Expression  
The Rosetta 2(DE3) cells from colony one of Fig. 5.25C were grown in 500 ml of M9 minimal 
medium, induced with 0.1 mM IPTG and harvested after incubation at 20 °C for 20 hours. 
The periplasmic fraction was recovered and the supernatant was affinity purified with a 5 
ml StrepTrap HP column and eluted with 2.5 mM desthiobiotin (Fig. 5.26A-B. Details of the 
expression, harvesting and purification steps are in section 2.6). The resulting fractions 
containing the eluted proteins were pooled together, excess CuSO4 was added to provide 
the metal ion for the protein active centre, and the unbound copper and desthiobiotin were 
removed by performing gel filtration (Fig. 5.27C-D). 
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Figure 5.27. Purification of LpsAA10. A. Chromatogram of the purification performed with a 5 ml StrepTrap 
HP column. The program stopped before the end of the peak P2 and the rest of the elutions were collected 
by hand. B. SDS-PAGE analysis of the purification presented in A. PP=pre purification, P1 (a to b) and P2 (a to 
c) are the fractions from A. The volume of the loaded samples was 20 µl. C. Chromatogram of the gel 
purification performed with a HiLoad 16/600 Superdex 75 pg column in PBS. D. SDS-PAGE analysis of the 
purification presented in C. PP=pre purification, P1 (a to l) are the fractions from C. The volume of the loaded 
samples was 10 µl. The expected MW of LpsAA10 without CBM is ~25.2 kDa, which is in line with the band 
see in the two gels. The protein ladder used for both gels was PageRuler Plus prestained protein ladder from 
thermo Scientific. 
 
The obtained fractions were combined together and concentrated to 2 ml at 0.7 mg/ml 
(verified with a Bradford assay), for a total of 1.4 mg of protein.  A thermal shift assay was 
performed to confirm the correct folding of the protein and the binding of the copper (Fig. 
5.28). The Tm before adding of copper was of 45.9 °C (R2=0.988) and of 49.1 °C, which 
increased to 49.1 °C (R2 = 0.997) upon addition of Cu2+ and was retained after gel filtration 
(50.1 °C, R2 = 0.997), indicating tight specific binding and protein-fold rearrangement. 
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Figure 5.28. Thermal shift assay for LpsAA10 before (yellow line) and after (blue line) loading with CuSO4 and 
after performing gel filtration (purple line). Buffer only was used as a negative control (red line).  
 
5.7.3 Activity assays  
5.7.3.1 MALDI/TOF-TOF tandem mass spectroscopy 
LpsAA10 is annotated by the NCBI nrdb as an “auxiliary activity family 10 domain-containing 
protein”. The Auxiliary Activities (AA) family was recently introduced in the CAZy database 
to incorporate those proteins that do not hydrolyse glycosidic bonds or build complex 
carbohydrates such as GHs, PLs, CEs or GTs (Levasseur et al., 2013). The AA class includes 
enzymes that are either active on lignin or that oxidatively break down crystalline cellulose 
or xylan, and are classed as lytic polysaccharide mono-oxygenases (Quinlan et al., 2011). 
The AA10 family in particular (formerly CBM33) has been shown to have activity on chitin 
or cellulose and has been found in eukaryotes, bacteria, archaea and viruses (Vaaje-Kolstad 
et al., 2010; Forsberg et al., 2011).  
In order to test whether LpsAA10 is indeed an LPMO active on chitin or cellulose, reactions 
were set up with the purified enzymes and different substrates that included crystalline 
cellulose (PASC and Avicel), chitin (squid, shrimp and colloidal chitin) and hemicelluloses 
(glucomannan, β-glucan and xylan) using ascorbic acid or gallic acid as electron donor for 
the reaction. The reactions were run overnight at 30 °C with shaking and the products were 
analysed by MALDI/TOF-TOF to detect any oxidation product (details in section 2.8.4). No 
activity was observed for the chitin and hemicellulose substrates, while oxidation products 
were detected for both forms of crystalline cellulose (the relative peaks are shown in Fig. 
5.29 and 5.30), indicating activity on both PASC and Avicel.  
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Figure 5.29. MALDI/TOF-TOF tandem mass spectroscopy analysis of activity assays with purified LpsAA10 and 
PASC, with gallic acid as electron donor. The panels A-C show the spectra of the negative controls after 
incubation of: A. 4 mg/ml PASC; B. 4 mg/ml PASC and 4 mM gallic acid; C. 4 mg/ml PASC and 2 µM LpsAA10. 
D. Actual reaction with 4 mg/ml PASC, 2 µM L LpsAA10 and 4 mM gallic acid (D), where the dotted inset is an 
expanded mass spectrum for DP7 products. The oxidized products are marked in red. In all panels, 100% 
relative intensity represents 1.0 x 104 arbitrary units (a.u.) and m/z is the mass/charge ratio. 
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Figure 5.30. MALDI/TOF-TOF tandem mass spectroscopy analysis of activity assays with purified LpsAA10 and 
Avicel, with gallic acid as electron donor. The panels A-D show the same as in Figure 5.26 but with PASC 
instead of Avicel and the 100% relative intensity represents 1.3 x 104 arbitrary units (a.u.). 
 
The assays revealed a predominant C1-oxidation pattern and generation of C1-aldonic 
acids on both PASC and Avicel in the presence of an external donor, imparting =16 or =38 
m/z respectively, relative to the mono-sodiated unoxidaside form. Smaller peaks for the 
mono-sodiated lactone (-2) were also identified. Both electron donors produced oxidation, 
while only the results obtained with gallic acid are shown, as this seemed to be a more  
effective reductant than ascorbic acid.  
 
5.8 Discussion 
The attempts to express the shipworm lignocellulolytic enzymes in heterologous hosts 
were time consuming and challenging, with the majority of the endogenous proteins not 
being possible to express in a soluble form and characterise, and only a few bacterial 
sequences producing successful results. The reason for these difficulties can probably be 
identified in the nature and environment of the proteins under study, namely the fact these 
proteins are found in a challenging environment such as seawater. Indeed, the 
characteristics of this environment shape the protein’s structure, resulting in the presence 
of many disulphide bridges and possibly other post-translational modifications 
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(Hatahet et al., 2014), making them quite difficult to express. Similar difficulties were posed 
to colleagues in our research institute when they tried to express CAZymes produced by 
the marine woodborer Limnoria quadripunctata (Besser, personal communication); after 
many years of attempts to heterologously express some of this crustacean’s enzymes, only 
a GH7 was successfully produced and characterised (Kern et al., 2013). O’Connor and 
colleagues (2014), who challenged themselves with the expression of endosymbiont-
encoded proteins from the shipworm Bankia setacea, had more success but were able to 
produce only very small protein amounts and mainly by using in-vitro 
transcription/translation systems. 
Despite these challenges, it was possible to successfully produce a number of bacterial and 
endogenous proteins, which are among the most expressed or abundant in the animal’s 
digestive organs. The annotations produced by the NCBI nrdb and by dbCAN suggested that 
three of these enzymes are glycoside hydrolases active on mannans, and one on xylans. 
The characterisation performed on the recombinant proteins confirmed that LpsGH134a 
and LpsGH134b are indeed β-mannanases with an endo- rather than exo-activity, and that 
LpsGH5_8 is also active on gluco and galactomannans, but it was not possible to confirm 
whether it has a β-mannosidase (as suggested by the annotation) or β-mannanase activity. 
LpsGH11 was confirmed to have activity on xylans and to have most likely an exo-xylanase 
activity, though it is not clear if it can also cleave β-1,3 linked xylans. The fact that these 
CAZymes found in abundance in the shipworm digestive organs are active on mannans or 
xylans is not surprising, since animals that digest wood need to have an extensive range of 
enzymes active on hemicelluloses, which constitutes around 25-30% of the total wood dry 
weight (Pérez et al., 2002); mannan and xylan in particular are the major carbohydrates 
found in hemicelluloses (Pérez et al., 2002), and they were indeed the most abundant 
hemicelluloses revealed by the wood compositional analysis presented in this thesis in 
chapter 3.4.2.2. Furthermore, the animals used in these studies were grown exclusively on 
Scots pine, which is a softwood and therefore particularly rich in galactoglucomannan and 
arabinoglucoronoxylans (Fengel and Wegener, 1989; Moreira and Filho, 2008), therefore it 
is appropriate for the shipworm to produce different types of mannanases and xylanases 
in substantial amount, to be able to perform efficient wood deconstruction. Indeed, 
Shipway (2013) identified numerous mannanases (GH families 2, 5 and 26) and xylanases 
(GH families 5, 7, 8, 10, 11 and 43) in L. pedicellatus digestive gland transcriptome, and 
O’Connor and colleagues (2014) pulled mainly mannanases and xylanases out of the main 
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band found in the SDS-PAGE gel performed with the total caecum content extract of the 
shipworm B. setacea.  
The fifth bacterial protein that was heterologously expressed was LpsAA10, an LPMO with 
suggested activity on chitin or cellulose, and characterisation confirmed that it is able to 
oxidase crystalline cellulose in the form of both Avicel and PASC. LPMOs have been 
reported in the gill endosymbiont metagenome and in the caecum content of the shipworm 
B. setacea (O'Connor et al., 2014), but their annotation as AA10 enzymes has not been 
tested to confirm the preferred substrate. AA10s are abundant in the genome of bacteria 
and viruses, while relatively rare in archaea and eukaryotes such as fungi and plants (Moser 
et al., 2008; Vaaje-Kolstad et al., 2010). It is therefore not surprising that the shipworm’s 
endosymbiotic bacteria contain an AA10 active on cellulose in their repertoire of 
lignocellulolytic enzymes, but it is interesting to see how L. pedicellatus has taken 
advantage of this symbiont encoded CAZyme for its own benefit (= digestion of wood), 
rather than producing one of its own. Indeed, the shipworm transcriptome was searched 
for LPMOs, but no AA10s or other LPMO families were found to be endogenously produced 
in this species, suggesting that endogenous LPMOs are not involved in wood digestion in 
these molluscs. This is different from what has been recently discovered for the firebrat 
Thermobia domestica, an hexapod that recruits many different endogenous LPMOs 
enzymes to be able to perform and extremely efficient digestion of cellulose (Sabbadin et 
al., 2018a). LpsAA10 is also the first LPMO to be expressed and characterised from a 
shipworm endosymbiont.  
The bacterial proteins LpsGH5_8, LpsGH134a and LpsGH134b were tested to verify how 
their activity would change depending on different environmental parameters, such as pH, 
temperature and salinity, which affect protein stability and therefore performance 
(Jaenicke and Zavodszky, 1990; Jaenicke, 1991) and are the most important to be 
considered in industry when preparing enzyme cocktails for lignocellulose digestion. 
Organisms normally adapt their proteins so that they perform most efficiently within the 
range of parameters of the environment in which they live (Hochachka and Somero, 1973; 
Low and Somero, 1976; Feeney and Osuga, 1976; Argos et al., 1979). This is likely to be case 
also for L. pedicellatus from the Atlantic lineage (the population sampled), where their 
proteins are likely to have maximum activity within the temperatures, pH and salinity range 
found in the Atlantic sea. A study from Borges and colleagues (Borges et al., 2014) revealed 
that the Atlantic form of L. pedicellatus is found at temperatures ranging 
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from 5 to 25 °C and in waters with salinity from 33 to 37 PSU, while the tolerance for the 
Mediterranean shipworms is broader, since they live at temperatures that vary from 7 to 
40 °C and with a salinity from 17 to 40 PSU. The pH of Atlantic seawater is reported to be 
8.0-8.2 (Salt et al., 2013), while in the Mediterranean Sea is slightly lower at 7.8-7.9, and 
has recently decreased due to acidification caused by increased CO2 emissions (Flecha et 
al., 2015). LpsGH5_8 did not appear to be active at acidic pH, with activity only starting 
from pH around 6.0 and peaking at pH of 7.0-8.0, showing a tolerance to basic pH up to 
11.0, the maximum that was tested. These results fit well with the theoretical isoelectric 
point obtained for the protein (4.65) and with studies performed by homology modelling 
and surface charge analysis on GHs from marine wood borers, which showed how these 
enzymes exhibit strong acidic charges on their surfaces and are able to retain activity at 
high salt concentrations (Kern et al., 2013). This seems to be an adaptation to the marine 
environment and a characteristic of halofilic proteins, which need to remain active at high 
ionic strength values (Kumar, 1998; Delgado‐García et al., 2012). LpsGH134a and 
LpsGH134b instead showed a marked preference for pH around neutrality (6.0-8.0), with a 
clear peak at 7.0, and activity was still present at both ends of the pH spectrum, even if it 
is reduced, despite their pI being quite acidic (4.51 and 4.63 respectively). All these three 
proteins however show best activity levels at pH similar to that of seawater, though no 
research has been done so far to test the actual pH level of the shipworm digestive system 
and in particular of the caecum, where the proteins are operational. Indeed, research 
performed on the woodborer Limnoria quadripunctata revealed that the pH of its digestive 
system was different to that of the seawater, reaching the value of 5.6 in the distal lobes 
of the hepatopancreas (Dr Katrin Besser, University of York, personal communication, 
2018). The preferred salinity of LpsGH5_8 (0.5 M) reflects the one of the seawater of the 
Atlantic, while LpsGH134a and LpsGH134b have no tolerance for salt and are active only in 
its absence; this is difficult to explain in a marine animal, which should be well adapted to 
live at high concentrations of salts. Optimal temperature for activity also showed a different 
trend in the proteins tested, with LpsGH5_8 showing low activity at 10-30°C, optimal 
conditions between 30-50 °C, and a sudden loss of function at higher temperatures; these 
results are broadly in line with its melting temperature of 43 °C, which however has to take 
into consideration the presence of more than one module in the protein structure. 
LpsGH5_8 temperature range therefore appears to be more adaptive for the 
Mediterranean Sea rather than the Atlantic, where water temperatures 
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up to 40 °C can be reached during the summer in coastal areas, where the shipworms are 
found. However, correlations between L. pedicellatus enzyme activity and the environment 
of one or the other of the lineages are not appropriate; indeed, despite the two populations 
having been reported as possible cryptic species (Borges et al., 2012), there is no 
information on when the separation happened and whether the proteins could have had 
the time to evolve and adapt to the new environment. LpsGH134a and LpsGH134b instead 
preferred a broader temperature range, showing a best activity between 10 and 50 °C, with 
a peak at 30-40 °C, and sudden inactivity after 50 °C. Despite these differences, both 
proteins seem to be able to work at the temperatures broadly in the range of those 
recorded in both the Atlantic and Mediterranean Sea, while they are not adapted to 
extreme temperatures. 
To complete the analysis of the expressed proteins, and evaluate their possible industrial 
application in the contest of the production of second-generation biofuels, experiments to 
identify their optima in terms of temperature and pH combined together were performed. 
Indeed, making separate measurements for the above parameters (which was performed 
initially in this chapter) does not allow to predict performance when the parameters are 
combined together (Herlet et al., 2017). The enzymes optimal activity range is a useful 
parameter to determine when evaluating the possible use of an enzyme in industrial 
processes that have to happen at precise temperature and pH values, and often in a 
mixture with different enzymes. None of the bacterial proteins tested seem to be 
particularly stable under the harsh conditions that are required for the saccharification 
process in industry, which involves high temperatures and acidic pH (Khare et al., 2015). 
LpsGH5_8 though seems to be adapted to alkali conditions, which are also used in industry 
to perform biomass digestion. The three proteins also do not appear to be adapted to 
perform at high salt concentrations, despite originating from a marine animal; salt 
tolerance would have been useful trait given the current search for halophilic enzymes to 
use in seawater, therefore avoiding the usage of the declining freshwater reserves 
(Fingerman et al., 2010). However, the hot spots of LpsGH134b and LpsGH5_8 were found 
to be quite similar, which would allow to use the two proteins in the same enzyme cocktail 
at set conditions.  
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Chapter 6: Final discussion 
 
6.1 General discussion 
Anthropogenic global warming, diminishing fossil fuel reserves and food security are the 
three main drivers for the utilisation of plant biomass as a feedstock for the production of 
second-generation biofuels. The recalcitrance of the plant cell wall to deconstruction into 
simple sugars has so far been the major hindrance for the establishment of a successful 
sustainable biofuel industry. However, nature has long ago learnt how to overcome this 
problem, since organisms such as bacteria, fungi, protists, marine and land invertebrates 
are able to utilise lignocellulosic material for their metabolism. The work presented in this 
thesis aims to increase our understanding of wood digestion in one of these organisms, the 
shipworm Lyrodus pedicellatus, to shed new light on its effective biomass digestion system. 
 
L. pedicellatus was selected for this study because it is the only shipworm (possibly together 
with T. navalis) able to obtain all its nutritional requirements from wood only (Becker, 1959; 
Gallager et al., 1981), while other shipworms rely also on filter feeding, though in different 
degrees depending on the species. Since the discovery of lignocellulolytic bacteria in the 
shipworm gills, the scientific community has attributed almost entirely to the 
endosymbionts the wood-degrading abilities, suggesting that they are indispensable to the 
shipworms to perform a complete and effective digestion of wood (O'Connor et al., 2014). 
While it is true that the bacteria are crucial to the shipworm survival because of their 
nitrogen-fixing role, the work presented in this thesis suggests how they play a smaller role 
in wood digestion than previously thought, and that the shipworm instead produces many 
of its own endogenous lignocellulolytic enzymes. Indeed, proteomic analysis of the 
enzymes found inside the caecum has revealed that 87.6% of the total of the CAZymes are 
of endogenous origin, while only 12.4% are prokaryotic (12.4%). SDS-PAGE analysis of the 
caecum fluid total protein has also highlighted a prevalence of shipworm produced 
CAZymes rather than bacterial ones. Nevertheless, the bacteria appear to be specialised in 
producing certain CAZymes families, such as GH5, GH6, GH11, CE15 and AA10, while the 
shipworm produces mostly GH9, GH1, GH45, GH2 and GH30, as shown by the 
transcriptomic data. This arrangement probably allows both parties to save energy and the 
result is a more efficient degradation of wood than it would have been possible without 
the symbiosis. A similar strategy is probably used by other bivalve molluscs closely related 
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to shipworms, such as the sea piddocks (Pholadidae), which live at depths greater than the 
Teredinids and are known to bore into sunken wood. The presence of bacterial 
endosymbionts in the gills of the species Xylophaga atlantica and X. washingtona, together 
with a caecum packed with wood chips, suggests that they have probably evolved a 
symbiotic solution to terrestrially derived wood digestion similar to that of shipworms, 
which has though been adapted to a deep-sea environment (Distel and Roberts, 1997). A 
comparison between these deep-sea wood-eating bivalves and those inhabiting shallow 
waters (in terms of the genes, enzymes and organs involved in the digestive processes) 
could provide more insights into the details wood digestion. 
The existence of a gill endosymbiotic bacterial community is not uncommon in bivalves, 
and indeed many species of non-wood eating bivalves are known to receive nutritional 
benefits from the association with symbiotic bacteria (Savazzi, 2001). Bivalves belonging to 
the Bathymodiolinae mytilid subfamily have symbionts that are not able to degrade 
cellulose, but are chemoautotrophic or methanotrophic, enabling the host to colonise 
environments such as cold seeps or hydrothermal vents (Kenk, 1985). The species Idas 
washingtonia is found on whale carcasses at the bottom of the sea, where the 
chemoautotrophic gill bacteria allow the bivalve to make use of the hydrogen sulphide 
produced by the decomposition of the lipids found in the bones (Bennett et al., 1994; Smith 
et al., 1989). Similarly, the shipworm Kuphus polythalamia lives in marine sediments 
assisted by the sulphur oxidizing chemosynthetic gills symbionts (Distel et al., 2017). It has 
been suggested that the bivalves that thrive on decomposing wood or whales carcasses 
could be the evolutionary link that allowed the introduction of the chemosynthetic mussels 
in the vents and seeps (Distel et al., 2000; Distel et al., 2017). The wood boring shipworms 
inhabiting shallow water such as L. pedicellatus are closely related, and they share a similar 
type of the symbiosis, with bacteria resident in the gill’s bacteriocytes. 
 
The analysis of the transcriptome of the digestive organs of L. pedicellatus has revealed 
which enzymes have been recruited by the shipworm for wood digestion. CAZymes 
belonging to the GH9 family, as well as GH45, GH2 and GH1, are produced in the digestive 
glands and represent 88.9% of the CAZymes expressed in this organ. These enzymes are 
annotated as putative cellulases, endoglucanases, β-glucosidases or β-mannosidases.  
When these results are compared to the fully annotated genome of the model suspension-
feeding bivalve Crassostrea gigas, it appears that this oyster is much more adapted to 
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digest polysaccharides abundant in phytoplankton cell walls (Pomin and Mourão, 2008), 
since enzymes belonging to the families of GH16, GH19, GH17, GH35, GH38, GH47 and GH3 
are differentially expressed by the digestive gland of this species. L. pedicellatus is on the 
contrary more adapted to the digestion of polysaccharides contained in wood, which could 
indicate a preference for wood boring rather than filter feeding. In this context, it would be 
interesting to compare L. pedicellatus CAZymes expression levels to that of another 
shipworm species, Zachsia zenkewitschi. This small Teredinid has evolved to live in a highly-
specialised environment, the rhizomes of the seagrass Zostera and Phyllospadix (Shipway 
et al., 2016). These marine plants are angiosperms dicots, which have retained the ability, 
contrary to other marine angiosperms, to produce sulphated polysaccharide. Their cell wall 
composition is quite different to that of land plants, being composed by 57% of cellulose, 
38% of non-cellulosic polysaccharides (mainly xylan) and only 5% of lignin (Davies et al., 
2007). The transcriptome of Z. zenkewitschi is, therefore, likely to be more similar to that 
of C. gigas rather than L. pedicellatus, possibly showing production of GHs and sulfatases 
involved in the deconstruction of sulphated polysaccharides, enzymes that are not found 
in Lyrodus transcriptome. It is also possible that the shipworm digestive glands express 
different types of CAZymes during different phases of the animal’s life cycle, with 
transcripts related to filter feeding being more expressed during the early larval stages prior 
to the attachment to the timber, when the animals are not yet relying for nutritional 
purposes on the presence of wood, but rather on plankton. Different enzymes could also 
be expressed when feeding on different types of wood, for example hardwood instead of 
softwood.  
 
When comparing the mechanisms developed by L. pedicellatus for the digestion of 
terrestrial lignocellulose to those of others wood-degrading systems, interesting 
differences emerge. Compositional analysis, comparing the components of wood to the 
shipworm frass, revealed how Lyrodus utilises mainly the cellulose and only partially the 
hemicellulose fractions. The analysis has not highlighted any reduction of the lignin 
fraction, which on the contrary accumulates in the frass. These results are not surprising, 
since only fungi have so far been recognised as able to mineralise or at least modify the 
lignin. Fungi possess lignin-modifying enzymes or use Fenton chemistry to target the lignin 
fraction, but none of these systems have been discovered by the analysis of L. pedicellatus 
transcriptome, though we cannot exclude they are found among those transcripts for 
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which an annotation was not possible (around 38% of the total). Only one transcript, 
annotated as a “hephaestin-like protein” and similar to the protein of various bird species, 
was found to be expressed in the shipworm caecum and digestive glands and to have a 
structure that resembles a laccase (with six copper-containing domains). The shipworm 
hephaestin could, therefore, be involved in lignin degradation, even if the amounts found 
in the caecum contents proteome are quite low. Unfortunately, this enzyme could not be 
recombinantly expressed and purified in quantities sufficient for characterisation.  
Termites are the most efficient wood-degrading organisms, but this task is so proficiently 
performed because their digestive system hosts a diverse community of microorganisms 
that includes aerobic and anaerobic bacteria, fungi and protozoa, all of which contribute to 
the production of lignocellulolytic enzymes (Warnecke et al., 2007). Complex communities 
able to digest lignocellulose are also hosted by wood-eating fish (Watts et al., 2013) cows 
and other ruminants. The meta-transcriptomic and meta-proteomic analysis of Lyrodus 
digestive system revealed that the digestion of wood in this species is instead the work of 
only two types of organisms, the shipworm and the gill’s endosymbiotic bacteria, as no 
enzymes produced by archaea, fungi or protozoa were identified. The symbionts belong to 
different (but closely related) species and are present in great numbers; however, it is 
remarkable how this relatively simple prokaryote-eukaryote system has evolved to perform 
such an effective digestion of wood. Even more striking are the isopod crustaceans 
belonging to the genus Limnoria, which are able to digest wood and possibly even modify 
the lignin fraction without the assistance of any symbionts. This task is likely to be 
accomplished by the action of hemocyanins found in abundance in the digestive system. 
These proteins are normally found in the haemolymph and are involved in oxygen 
transport, but in these isopods they could function as phenoloxidases and, therefore, have 
a role in the degradation of lignin (King et al., 2010). Similar proteins have not been 
identified in the shipworm transcriptome. These bivalve wood borers seem to have evolved 
quite a complex and multifaceted system, which allows them to live on a diet of wood. Not 
only do they host the already mentioned endosymbiotic bacterial communities in the gills, 
but they also have developed a system (mostly likely localised in the food groove) to 
transport the bacterial enzymes to the distant digestive system. With the help of the 
crystalline style, they appear to be able to release the bacterial CAZymes from the 
bacteriocytes and to utilise them for wood digestion, while at the same time they make use 
of the abundant bacterial cells as a source of nitrogen. Amoebic cells found in the white 
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portion of the digestive glands also give a contribution – though so far not fully understood 
– to wood digestion by phagocytising wood particles. 
 
The heterologous expression of shipworm and bacterial wood degrading enzymes selected 
from the proteome and/or transcriptome of the digestive organs was the most challenging 
and time-consuming task of the project. Numerous host organisms were used, as well as 
different combinations of competent cells, culture media, expression temperatures, 
induction time and concentration, solubility and purification tags, and other variables. Only 
one endogenous shipworm enzyme was successfully expressed in quantities that allowed 
downstream analysis, a multimodular GH1, however the work is not part of this thesis 
(Sabbadin et al., 2018b). More positive outcomes were obtained from the expression of 
the bacterial proteins, whose characterisation revealed that they are capable of breaking 
down hemicelluloses, particularly galacto-glucomannans, and xylans. The most abundant 
CAZymes found in the crystalline style is a GH5_8, which proved to be active on 
galactomannans and glucomannans. A bacterial AA10 LPMO was also recombinantly 
expressed and characterised, revealing its ability to oxidatively cleave cellulose at the C1 
position. To our knowledge, this is the first example of a characterized LPMO from an 
animal endosymbiont, a finding that carries interesting evolutionary implications. Recently, 
Sabbadin and colleagues (2018a) have identified and characterized the first endogenous 
LPMOs (family AA15) in animals and shown how some primitive insects, such as silverfish 
and firebrats, have co-opted these enzymes to digest plant biomass. Phylogenetic analysis 
also revealed that AA15s are widespread among insects as well as other invertebrates, 
including crustaceans, chelicerates and molluscs. Indeed, several putative AA15 sequences 
were identified in the L. pedicellatus transcriptome, although their expression appeared to 
be low in all analysed tissues and, therefore, the transcripts were not among those 
presented in chapter four. Unlike firebrats, where proteomic analysis showed that 
endogenous AA15s are abundant in the digestive system and are crucial for cellulose 
digestion (Sabbadin et al., 2018a), no significant amounts of AA15s were detected in the 
proteomic studies of the digestive organs of L. pedicellatus, suggesting that endogenous 
LPMOs are not involved in wood digestion in these molluscs. Perhaps anatomical or 
energetic constraints in shipworms have hindered the recruitment of endogenous AA15s 
in wood digestion, while the existing food groove turned out to be a convenient route for 
bacterial AA10 LPMOs coming from the gills, together with the other bacterial CAZymes. 
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This thesis presents a multifaceted study of the digestive system of L. pedicellatus, 
revealing the complex molecular and physiological processes of wood digestion of these 
bivalves. Particular emphasis was given to the study of the symbiosis with the gills bacteria, 
given that this association was probably the driver that allowed the shipworm to colonise 
a new ecological niche by developing novel metabolic capacities. Shipworms carry out and 
important ecological function in the coastal marine ecosystem by unlocking the carbon 
found in wood, but they are also formidable destroyers of man-made wooden structures 
and cause of serious economic damage. The results presented in thesis are therefore 
valuable, since the information on the range and relative abundance of bacterial and 
endogenous CAZymes can be used both in the second-generation biofuel industry (by 
helping to formulate the optimal enzymatic cocktail for the industrial break-down of 
lignocellulose) and in the management of coastal environments afflicted by the problem of 
shipworm damage.  
 
6.2 Future work 
While the work presented in this thesis gives a deeper view of the mechanisms of wood 
digestion in L. pedicellatus, at the same time it generates new questions about the fine 
details of these processes.  
The food groove was identified as the route followed by the bacterial CAZymes from the 
gills to the caecum. However, it is still not clear whether only bacteriocytes or also single 
bacteria travel down this path, and whether the enzymes secreted by the bacteria remain 
inside the bacteriocytes-containing vesicles or are released outside the eukaryotic cells. 
The difficulty of fixing tissues that contain high amount of mucous, such as the food groove, 
has been the main obstacle for a definitive answer to this question, alternative fixatives, 
such as Carnoy’s solution (Kamphuis et al., 2017), should be explored, as well as other 
imaging or molecular techniques.  
The mechanism by which the bacterial CAZymes are preferentially selected for transport to 
the caecum among the other bacterial proteins has also so far remained unexplained. Some 
work (not presented in this thesis) was carried out to try to link the presence of CBM10s to 
this selection mechanism, given that all the bacterial CAZymes that are found in the gills, 
crystalline style or caecum proteome possess from one to three of these modules, which 
are known to bind to cellulose. However, this hypothesis could not be verified and further 
work is required to give an answer to this interesting question. Evidence is also needed for 
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the proposed hypothesis of the involvement of the crystalline style in the mechanical and 
enzymatic breakage of the bacteriocytes that have reached the stomach, as well as the 
contribution given by the bacteria to the nutritional needs of the shipworm.   
The presence of modifications in the lignin fraction after digestion by the shipworm has 
also not been explored. The compositional analysis highlighted quantitative changes, 
indicating that lignin accumulates in the frass and is not utilised for metabolism. However, 
there is the possibility that, as it happens in fungi, the lignin is modified by the action of 
enzymes or free radicals, in order to expose the carbohydrates of the cellulose and 
hemicellulose fractions. These types of enzymes or chemistry could not be identified with 
the work presented in this thesis, mainly due to the difficulties encountered with 
heterologous protein expression. Indeed, some interesting targets were identified in the 
proteome and transcriptome of the shipworm caecum, such as the above-mentioned 
laccase-like hephaestin-like proteins, some DBH-like monooxygenase proteins and a 
thioester-containing protein. Further efforts should be put into trying to characterise these 
promising proteins, by attempting expression in modified or new host systems or by 
purifying native proteins directly from the animal tissues. At the same time, evidence of 
lignin modification could be explored with the use of techniques such as FTIR spectroscopy 
or ssNMR. 
Work to complete the characterisation of the bacterial enzymes could also be carried out 
to produce some useful results. LpsGH11 incubated with the favourite substrates could be 
studied with PACE and heat maps analysis, in order to determine the nature of the digestion 
products and the range of temperature, pH and salinity it is most active at, similarly to what 
was done for the other bacterial GHs. The kinetics of the enzymes could also be explored, 
determining their Vmax, Km and kcat/Km, to obtain further information on the enzymes 
performance and determine whether they have more efficient than those 
added to the enzymatic cocktails used in industry. Co-incubation experiments could be 
performed with LpsGH5_8 and LpsGH134a or LpsGH134b, to look for the existence of 
possible synergisms, as well as with LpsAA10 and any other cellulase such as GH5, GH6, 
GH7, GH1 or GH8, to search for the presence of a boosting action that increases the 
reaction yields, as has been demonstrated for other LPMOs (Sabbadin et al., 2018a). The 
enzymes performance at different salinities could also be tested on real or artificial 
seawater, rather than on water with different molarity of just the salt sodium chloride, to 
assess the performance in conditions more similar to the shipworm’s natural environment. 
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Appendices 
 
Appendix A 
Ion Torrent run summary for the digestive glands, caecum and gills samples, respectively. 
The figures report information on the quality and quantity of the Ion Sphere Particle (ISP) 
load onto a 318 chip, as well as the properties of the obtained EST library.  
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Appendix B 
Electropherograms for the RNA extracted from the digestive glands, caecum and gills of three adult L. pedicellatus. Each electropherogram corresponds 
to one well in Figure 4.1 and it has been named accordingly. 
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Appendix C 
FastQC quality check for the crystalline style RNA sequencing performed with the 
HiSeq3000 system. A. Per base sequence quality shows an overview of the quality values 
across all bases, highlighting in green very good quality calls, in orange reasonable ones and 
in red poor ones. B. Per sequence quality score displays subsets of sequences with low 
quality values (<27 is less than optimal). C. Per base sequence content highlights any 
imbalance in base content (failure occurs when difference between any bases is greater 
than 20%). D. Per base GC content shows how the GC content differs from a theoretical 
distribution, indicating a contaminated library or a biased subset (concerns are raised if 
15% of the reads deviates from the normal distribution). E. Per base N content reports 
uncalled bases, with values >5% issuing a warning. F. Sequence duplication levels counts 
the degree of duplication for every sequence in the set, which should be below 20% for 
optimal quality.  
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List of abbreviations and symbols 
µM   microMolar 
AA   Auxiliary Activities  
ABSL   Acetyl Bromide Soluble Lignin 
AI medium  Auto-Induction medium 
AIR   Alcohol Insoluble Residue  
Amp   Ampicillin 
BLAST   Basic Local Alignment Search Tool 
bp   base pairs 
BSA   Bovine Serum Albumin 
CAP   Catabolite Activator Protein binding site 
CAZy   Carbohydrate-Active enZymes database 
CAZyme  CAZy enzyme 
CBM   Carbohydrate Binding Module 
cDNA   complementary DeoxyriboNucleic Acid 
CE   Carbohydrate Esterase 
CMC   CarboxyMethyl Cellulose  
CMV   CytoMegaloVirus 
CPB   Citrate Phosphate Buffer 
C-terminus   Carboxyl-group terminus 
dbCAN   database for automated Carbohydrate-Active enzyme aNnotation 
dH20   deionised water 
DMF   DiMethylFormamide 
DMSO   DiMethyl SulfOxide 
DNase   DeoxyriboNuclease 
DNS   3,5-DiNitroSalicylic acid 
dNTP   deoxyriboNucleotide TriPhosphate 
dsDNA   double stranded DeoxyriboNucleic Acid 
DTE   DiThioErythritol 
DTT   DiThioThreitol  
EDTA   EthyleneDiamineTetraacetic Acid  
emPAI   exponentially modified Protein Abundance Index 
ENA   European Nucleotide Archive 
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ESi-MS   ElectroSpray ionisation-Mass Spectrometry  
EST   Expressed Sequence Tag 
ExPASY  Expert Protein Analysis SYstem 
FISH   Fluorescence In Situ Hybridisation 
FLAG   FLAG-tag 
FTIR   Fourier-Transform InfraRed spectroscopy 
G   Guaiacyl unit 
GH   Glycosyl Hydrolase 
GHG   GreenHouse Gas 
GST   Glutathione S-Transferases 
H   p-Hydroxyphenyl unit 
Halo   Haloalkane dehalogenase 
HEK cells  Human Embryonic Kidney cells 
HMDS   HexaMethylDiSilazane 
HPAEC   High-Performance Anion-Exchange Chromatography 
HRP   HorseRadish Peroxidase  
HRV   Human RhinoVirus  
IgG   Immunoglobulin G 
IPTG   IsoPropyl β-D-1-ThioGalactopyranoside 
ISP   Ion Sphere Particle 
Kan   Kanamicin 
kb   kilobase 
kDa   kiloDalton 
LB   Lysogeny Broth 
LBG   Locust Bean Gum 
LC-MS/MS  Liquid Chromatography-tandem Mass Spectrometry 
LPMO   Lytic Polysaccharide MonOxygenase 
M   Molar   
MACPF  Membrane Attack Complex/PerForin 
MALDI/TOF-TOF Matrix Assisted Laser Desorption Ionization/tandem Time Of Flight 
MBP   Maltose Binding Protein 
MCS   Multiple Cloning Site 
mRNA   messanger RiboNucleic Acid 
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MW   Molecular Weight 
NBUS   Natural Biomass Utilisation Systems 
NCBI   National Center for Biotechnology Information 
NCBI nrdb National Center for Biotechnology Information non-redundant  
database 
Neo   Neomicin 
N-terminus   amine-group terminus 
OD   Optical Density 
oligo-DT  oligo-DeoxyThymine  
OPPF-UK  Oxford Protein Production Facilty-UK 
ORF   Open Reading Frame 
PACE   Polysaccharide Analysis using CArbohydrate gel electrophoresis 
PASC   Phosphoric Acid Swollen Cellulose 
PBS   Phosphate Buffered Saline 
PCR   Polymerase Chain Reaction 
PL   Polysaccharide Lyase 
poly(A)   poly Adenosine  
PSU   Practical Salinity Unit 
qPCR   quantitative Polymerase Chain Reaction 
RACE   Rapid Amplification of Complementary DNA Ends 
RBS   Ribosomal Binding Site 
RIN   RNA Integrity Number 
RNase   RiboNuclease 
RPK   Reads Per Kilobase 
rpm   revolutions per minute 
rRNA   ribosomal RiboNucleic Acid 
S   Syringyl unit 
SDS   Sodium Dodecyl Sulfate 
SDS-PAGE  Sodium Dodecyl Sulphate PolyAcrylamide Gel Electrophoresis 
SEM   Scanning Electron Microscoopy 
SOC   Super Optimal broth with Catabolite repression 
ssDNA   single stranded DeoxyriboNucleic Acid 
ssNMR   Solid-State 13C Nuclear Magnetic Resonance 
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SUMO   Small Ubiquitin-like Modifier 
TBE   Tris-Borate-EDTA buffer 
TEM   Transmission Electron Microscopy 
TF   Trigger Factor 
TFA   TriFluoroacetic Acid 
Tm   melting Temperature 
TPM   Transcripts Per kilobase Million 
Tris   Tris(hydroxymethyl)aminomethane  
TRX   ThioRedoXin 
UV   UltraViolet 
v/v   volume to volume 
w/v   weight to volume 
x-cellobiose  5-Bromo-4-chloro-3-indolyl β-D-cellobioside 
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